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ABSTRACT

Proper organismal development and cell survival requires integration of a number
of signaling pathways and regulatory molecules. Intracellular and extracellular
molecules coordinate to regulate a number of cell functions including cell differentiation,
proliferation and morphogenesis. Many of these molecules and signaling pathways are
highly conserved throughout evolution. Due to this, studies in model organisms have
been critical in defining the basic concepts that govern all cell functions. This thesis
focuses on using Drosophila melanogaster as a model system. Drosophila has been an
effective model system for nearly one hundred years helping to define the components
necessary for processes such as neural and embryonic development. We demonstrate
three effective uses of Drosophila. In the first study, we have identified an eye specific
enhancer for the yan gene, a general inhibitor of differentiation. In the developing eye,
yan is required to inhibit neuronal differentiation until proper inductive signaling is
initiated. Analysis of the yan enhancer identified a regulatory mechanism involving the
Notch pathway and Receptor Tyrosine Kinase (RTK) pathway mediated by the
Drosophila EGF Receptor (DER). This model provides the first example where these
two key pathways integrate in a competitive manner at the DNA sequence level. The
second study identifies patterning and degeneration defects within the Drosophila ovary
caused by mutations in gp150. In the eye, gp150 has been shown to be involved in
regulating ommatidial assembly via interactions with components of the Notch pathway.
Analysis of gp150’s expression pattern and mutant phenotype in the ovary indicate that it
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may be interacting with the Notch pathway in the ovary as well. The final study uses the
eye as a model to study cell proliferation. We provide initial phenotypic characterization
of a mutation in a novel tumor supressor gene. Combined, these three examples
demonstrate the effectiveness of Drosophila as a model system. In particular, studies of
the yan enhancer make a significant contribution to our understanding of the amount of
integration required between major signaling pathways involved in cell development and
differentiation.
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Chapter 1
General Introduction
A key interest in the biological sciences is understanding the physiology and
development of multicellular organisms. The focus of much research is to understand
how the human body functions and to devise ways to protect the body from harmful
elements including infection, disease, degeneration and mutation. To approach these
issues many model organisms have been used from C. elegans to primates each with their
own advantages and disadvantages. Often, simpler organisms may be easier to
manipulate and have less parameters to consider but can be too divergent from humans
and lack the level of complexity needed. In contrast, organisms most closely related to
humans are often too complex to be able to gain an understanding of the basic concepts
guiding their development and function. This thesis focuses on Drosophila melanogaster
as a model system. In it we use three different examples to show how the fruitfly can be
used to study general developmental concepts specifically cell differentiation,
proliferation and morphogenesis.

1.1 Genetic Similarities between Drosophila melanogaster and Mammals
There are many physical differences between humans and Drosophila but despite this
genetically they are remarkably similar. Many genes in Drosophila share high identity
with their mammalian homologs and have similar functions. Some of the best examples
are genes within major signaling pathways required for development and cell survival.
For example, the Notch (N) pathway has been demonstrated to be required for the proper
development of various organisms from C. elegans to humans. The components of this
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pathway were originally isolated in Drosophila but homologs to these genes have been
characterized in a number of organisms (Artavanis-Tsakonas et al., 1995). The level of
conservation is perhaps best expressed when looking at the pathways required for
development. The key hallmark pathways needed to orchestrate the cell to cell
communication, transcriptional activation, and cell proliferation required to designate
body axis and specify organ tissue during development are shared from flies to humans.
These pathways include the receptor tyrosine kinase (RTK) pathway, Notch pathway,
wingless (wg)/ Wnt pathway and the Janus kinase (Jak) signaling pathway ( ArtavanisTsakonas et al., 1999; Cadigan, 2002; Hombria and Brown, 2002; Rebay, 2002;
Schlessinger, 2000).
Studies in Drosophila have proven particularly useful to detail the functional
components of these pathways and how they communicate to specify cell fates during
development. One reason that work in the fly has been so useful is that, although the
components of these pathways are conserved, often in the fly the organization is simpler.
For example, there is one Notch receptor in the fruit fly but there are four Notch
homologs in humans. The Drosophila Notch ligands Delta (Dl) and Serrate (Ser) have a
multiple counterparts in mammals as well. The different allelic forms of Dl in mammals
have been shown to specifically interact with individual Notch like receptors (Jarriault et
al., 1998; Mumm and Kopan, 2000). This increased level of involvedness makes studies
of this pathway more difficult in mammals. Therefore, the basic mechanisms can be
more easily defined in Drosophila.
Other commonalties between these two systems further support the application of
studies in Drosophila to higher organisms. One area is in cell cycle regulation. Flies are
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advanced enough to have the same cell cycle phases as mammalian cells. Also, similar
cell cycle checkpoint mechanisms and cyclins are used in both systems. Regulation of
cell cycle is a fundamental component for any organism and disruptions in the cell cycle
can have fatal results. Many factors that negatively affect an organism target the cell
cycle. For example, the massive overproliferation of cancerous cells involves overriding
the cell cycle checkpoints. Thus, studies in Drosophila can help us to understand the
basics of diseases such as cancer by helping to map out the intracellular circuitry used to
control cell function and division (Baker, 2001; Yoshida et al., 2000).

1.2 Factors that Distinguish Drosophila Research
While the commonalities between Drosophila and mammals are important when
considering Drosophila to study the basics of development and cell function, perhaps
equally important are attributes that separate Drosophila from higher organisms. One
factor that we hinted to earlier is that the genome of the invertebrate is smaller than its
vertebrate counterparts. As mentioned, despite the smaller size of the Drosophila
genome there is a highly significant amount of homology with its mammalian
counterparts plus the genomic organization is similar (Rubin et al., 2000). Evidence of
how highly regarded Drosophila is as a model system is the sequencing of its genome
that was used as a test case for the strategy used on the human sequence (Adams et al.,
2000). As mentioned, there is less redundancy in the Drosophila genome so that gain
and loss of function analysis of particular genes is generally more feasible. Also, the
smaller genome is manifested in fewer chromosomes and easier genetic manipulation.
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A second point is that maintenance of fruit flies is relatively simple compared to most
other multicellular model systems. Thousands of flies can be kept rather easily. These
large numbers make Drosophila ideal for genetic studies and mutagenic screens. The
development of the fly takes about ten days from fertilization to adulthood. This short
generation time allows for experiments to be done quickly when compared to mammalian
systems. Further, all the stages of development after fertilization occur outside of the
body and can be visualized. Another benefit is that experiments affecting all or any part
of the Drosophila body can be done with minimal complication (Rubin, 1988).
In this thesis, much of the work has been focused in the developing eye of
Drosophila. There are a few reasons why work in the eye is particularly useful when
studying cell differentiation and proliferation. First, the eye is not required for viability.
Thus disruptions in its organization can be studied through adulthood. Second, the adult
eye is composed of a very precisely ordered array of repeating ommatidia. The
organization makes even the slightest disruption in patterning or cell number easy to
detect. Also, the repetitive nature of the pattern makes it a good tissue for clonal
analysis. Moreover, most of the major pathways discussed earlier are utilized during eye
formation making it a good place to study how these pathways interact with each other.
Lastly, there many tools available specific to the eye tissue that can either label distinct
cells types, drive expression of specific target genes or induce mitotic recombination only
in cells within the eye. Much of this will be discussed in more detail in the following
chapters (Wolff and Ready, 1993).
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1.3 Tools and Techniques Frequently Used Drosophila
A final aspect of Drosophila research is the numerous resources available. There are
key tools used when studying the fly that have facilitated the advances made within this
system. The use of microinjection to generate transgenic animals is a good example.
Early in embryogenesis, the germline cells of a fertilized egg are located at its posterior
pole. These cells will eventually migrate away from the pole to their final position in the
reproductive system. Exogenous DNA, facilitated by a transposase source, can be
injected into the embryo before the cells migrate to incorporate the DNA into the genome
of the germline cells. In this manner, the progeny from the injected fly will serve as
transgenics carrying the desired DNA in their genome. Using this approach, any gene or
any portion of a gene can be ectopically expressed under the control of a desired
promoter (Rubin and Spradling, 1982). This basic technique has been used not only to
over-express Drosophila genes but also to test the functionality of homologous genes
from other organisms. Mutant forms of a protein can also be used to generate a dominant
negative phenotype or to test the functionality of different domains within a protein. In
our work, we successfully generated transgenics that allowed us to test the transcriptional
activation capabilities for genomic DNA associated with the yan gene (Ramos et al.,
2003; Rohrbaugh et al., 2002).
Another useful tool in Drosophila is mosaic analysis using FLP/FRT recombination
from yeast. Mosaic analysis allows one to examine a cluster of cells with a recessive
mutation surrounded by tissue phenotypically wild type for that mutation. This method
can be useful in many ways but one in particular is in studying the mutant phenotype of
genes which would be lethal to the organism if all its cells were mutant for it. In the past,
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recombination could be induced through X-ray irradiation. Unfortunately, the frequency
of recombinants using this method is generally low and the location of the clones is
random. These problems were circumvented by using the flipase (FLP) enzyme from
yeast. This enzyme is able to induce mitotic recombination using its specific recognition
sequence, FRT. Using P-element mediated transposition, the FRT recognition sites for
the FLP enzyme have been inserted close to the centromere for every major arm in the fly
genome. Combining these two components allows us to generate mosaic clones for
nearly any mutation in the fly genome (Figure 1). Clones made using the FLP/FRT
system are generated at much higher frequency than with X-ray radiation and the timing
or location of the clones can be controlled depending on the promoter used to drive
flipase expression (Golic, 1991; Xu and Rubin, 1993).

Figure 1. Generating Genetic Mosaics in Drosophila melanogaster.
Diagram indicating the components necessary for site-specific recombination mediated
by the FLP/FRT system.
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Clonal analysis provides a mechanism for loss-of-function studies but for gain-offunction there is another technique that is exceedingly useful in Drosophila. The

Figure 2. Targeted Gene Expression Using the Gal4/UAS System.
Schematic diagram detailing the Gal4/UAS system in Drosophila. Adapted from Brand
and Perrimon, 1993.
Gal4/UAS system again from yeast has been used with immense success to drive ectopic
expression of various proteins throughout the life cycle of the fly. Figure 2 details the
basic approach for this system. Gal4 is a transcription factor that activates the expression
of genes downstream of its target upstream activating sequence (UAS). The UAS
sequence is specifically activated by Gal4. Gal4 is not endogenous to the fly. Thus, any
transgenic construct using the UAS sequence in its enhancers region requires Gal4 to be
incorporated into the fly to get expression. The Gal4 sequence must be provided by
another transgenic fly that, depending on the promoter used to drive expression of Gal4,
can transcribe the Gal4 gene at different time points during development or in specific
tissues. In this manner, when a fly carrying the Gal4 gene driven by a specific promoter
7

is crossed to a fly carrying the UAS sequence upstream of a desired protein that protein
will be expressed in a pattern defined by the promoter driving Gal4. This tool has been
useful not only to over-express a given protein but can provide a way to reduce the
activity of a protein by expressing its dominant negative form. Considerable work has
been done to generate numerous Gal4 drivers specific to all tissues and stages of
development making this applicable to all areas of Drosophila research (Brand and
Perrimon, 1993; Manseau et al., 1997; Phelps and Brand, 1998).
Two final aspects of Drosophila research that should be mentioned are the
Flybase website and the Bloomington stock center. Flybase is a website that is
maintained by the Drosophila community to serve as a central source for information. It
contains an extensive collection of all alleles, constructs, and DNA clones available as
well as many other resources. The stock center maintains stock supplies of various
transgenic and mutant fly strains that have been generated and functions as a central
distribution source for Drosophila researchers. Together, these two factors play pivitol
roles in supporting the fly community by providing researchers access to the information
and tools needed in their studies.

1.4 Using Drosophila to study Cell Proliferation, Differentiation and Morphogenesis
Based on the attributes detailed above, we used Drosophila to study the basic
concepts regulating cell proliferation, differentiation and morphogenesis. In the section
detailing our work with the enhancer region of the yan gene we were successful in
elucidating a model that describes a mechanism where two major pathways interact in a
competitive manner to control the expression of yan in the developing eye. Our work is
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significant in that it provides the first example where these two pathways compete
directly at the DNA sequence level. This work has helped us to better understand how
general molecules can interact in a time and space dependent manner to direct the
differentiation of particular cell types. It also gives us a better understanding of the level
of complexity that can be found in even minimal non-coding fragments within the
genome.
The project concerning gp150 describes its expression and mutant phenotype during
oogenesis. In the ovary, gp150 mutants cause disruptions in the patterning and cell
movement of the somatic follicle cells surrounding the egg chamber. While our work in
the ovary is preliminary, we do offer an explanation of the phenotype linking it to roles
previously described for gp150 (Fetchko, 2002).
The final project presented focuses on describing the phenotypic effects of a mutation
believed to be causing disruptions in cell cycle regulation leading to over-proliferation.
This work demonstrates how Drosophila can be used to study the cell cycle and shows
how common markers are shared between flies and higher organisms.
Taken together, the three projects all give examples of Drosophila’s universal
applicability. This is best appreciated in the studies concerning transcriptional regulation
of yan. It is in this work that the most detailed studies were done. Here we are able to
provide a mechanism for the expression of the gene that correlates well with its inhibitory
function in the eye. What is most important is that the mechanism devised and the
information garnered about enhancer complexity and pathway interactions can be applied
to other situations where some of these same players are present.
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Chapter 2
Material and Methods
2.1 Drosophila Stocks
All stocks were maintained on standard yeast-agar medium at 18°C or 25°C. In
all cases, Canton-S flies served as wild type controls. The yanP allele, an enhancer trap
which has been previously described (Lai and Rubin 1992), was used to show
endogenous yan expression. w1118 embryos were used for all germ line transformations.
w; TM3/TM6B, and w; Adv/CyO flies were subsequently used to determine chromosomal
location of the transgenes. Two other stocks used in genetic crosses were w; S/SM1;
Sb/TM6 and a line containing the SM6-TM6B double balancer (w; gp1503/SM6-TM6B).
Other fly strains used in this study include Su(H)AR9 and Su(H)SF8 (Ashburner), Su(H)del47
(Morel and Schweisguth 2000), UAS-Su(H)VP16 (Bray), Nts, hs-Notchintra, hs-Su(H) (The
Blomington Drosophila Stock Center), UAS-NotchIntra (Treisman), UAS-NotchECD
(Muskavitch), pnt∆78, pnt∆88 (O’Neill et al. 1994), pntT6 (Brunner et al. 1994), UAS-pntP1
and UAS-pntP2 (Klaes et al. 1994), UAS-E(spl)m7 and UAS-E(spl)m8 (Ligoxygakis et al.
1998),UAS-E(spl)m3, UAS-E(spl)m5,UAS- E(spl)mγ, UAS-yanACT (Rebay and Rubin
1995), UAS-torD-DER, UAS-DNDER (Dominguez et al. 1998), UAS-Ras1V12a and UASRas1V1210 (Karim and Rubin 1998), UAS-lz, lzR1 and lzR15, GMR-Gal4 (Hay et al. 1994),
sev-Gal4, ey-Gal4, Su(Hw)v/Su(Hw)f, Su(Hw)2/Su(Hw)f, Su(Hw)vp{w+RPII215}, Mod(mdg4)u1
(Corces, Geyer, Dorsett, Georgiev), m4-lacZ, mγ-lacZ (Posakony), gp1502/Cyo,
gp1503/Cyo , gp1504/Cyo , P8, P15/Cyo, UAS-gp150 (Fetchko), p1165 (Bellen), c323aGal4 (Manseau), TSG5, TSG235a (generated in the lab), EP(3)3303 (Bloomington Stock
Center), ey-FLP and HS-FLP.

10

2.2 Target Overexpression Analysis Using the Gal4/UAS System
The Gal4/UAS system is a bipartite system in Drosophila. The two components
of the system are the UAS responder element and the Gal4 driver. The Gal4 driver is
regulated in cis in a particular pattern depending on it regulator. The UAS responder is
only active when both the responder and driver are present in the same lineage (Brand
and Perrimon 1993). The drivers used in this thesis include GMR-Gal4, ey-Gal4, sevGal4, HS-Gal4 and c323a-Gal4. For a list of the UAS-constructs used in these studies
see section 2.1.

2.3 Mosaic Analysis
Mosaic analysis was done using both irradiation and the FLP/FRT system. The
irradiation method was used to generate clones of the TSG5 and TSG235a mutations.
Clones were generated by exposing first instar larvae to 1000rads. Following irradiation,
flies were transferred to bottles to develop. These clones were then scored for adult
tumor formation. In the second method, the FLP/FRT system was used to generate
Su(H)del47 and TSG5 clones in the developing eye. The flipase sources used were ey-FLP
and HS-FLP. The FRT lines used were w; p{ry=neoFRT}42D, p{Ubi-GFP}2R/Cyo and
p{ry+t7.2=neoFRT}82B, p{Ubi-GFP) 3R both of which negatively mark mutant cells with
green fluorescent protein , p{ry=neoFRT}42D, p{arm-lacZ}2R, p{ry=neoFRT}82B,
p{arm-lacZ}3R/TM3 that both negatively label mutant cells with β-galactosidase protein.
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2.4 Transgenic Fly lines
Transgenic fly lines used in this study are listed below. The chart lists constructs
name and genotype. Chromosome location when known is given as follows 1 = on X, 2
= on second, 3 = on third and na = not known. The expression patterns are as follows: 0
= no expression, 1 = embryo, 2 = CNS and 3 = Eye. For genotype the first number
indicates chromosome location of transgene and the second number indicates an
independent line for that construct (E. Ramos, 2003).
Construct Name
A-lacZ
A-lacZ
A-lacZ
A-lacZ
A-lacZ
J-Gal4
J-Gal4
J-lacZ
J-lacZ
J-lacZ
Nboxm-lacZ
Nboxm-lacZ
Nboxm-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
O-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ

Genotype
w; p[yanA-lacZ]1.1
w; p[yanA-lacZ]2.1
w; p[yanA-lacZ]2.2
w; p[yanA-lacZ]2.3
w; p[yanA-lacZ]3.1
w; p[yanJ-Gal4]1.1
w; p[yanJ-Gal4]1.2
w; p[yanJ-lacZ]3.1
w; p[yanJ-lacZ]Na.1
w; p[yanJ-lacZ]Na.2
w; p[yanNboxm-lacZ]2.1
w; p[yanNboxm-lacZ]2.2
w; p[yanNboxm-lacZ]2.3
w; p[yanO-lacZ]0.0
w; p[yanO-lacZ]2.1
w; p[yanO-lacZ]2.2
w; p[yanO-lacZ]2.3
w; p[yanO-lacZ]2.4
w; p[yanO-lacZ]2.5
w; p[yanO-lacZ]3.1
w; p[yanO-lacZ]3.2.
w; p[yanO-lacZ]Na.1
w; p[yanOR-lacZ]2.1
w; p[yanOR-lacZ]3.1
w; p[yanOR-lacZ]Na.1
w; p[yanOR-lacZ]Na.2
w; p[yanOR-lacZ]Na.3
w; p[yanOR-lacZ]Na.4
w; p[yanOR-lacZ]Na.5
w; p[yanOR-lacZ]Na.6
w; p[yanOR-lacZ]Na.7
w; p[yanOR-lacZ]Na.8
w; p[yanOR-lacZ]Na.9
w; p[yanOR-lacZ]Na.10

Chromosome
1
2
2
2
3
1
1
3
Na
Na
2
2
2
2
2
2
2
2
2
3
3
Na
2
3
Na
Na
Na
Na
Na
Na
Na
Na
Na
Na

Expression
1,2,3
1,2,3
1,2,3
1,2,3
1,2,3
3
3
2,3
2,3
2,3
0
0
0
3
3
3
3
3
3
3
3
3
0
0
0
0
0
0
0
0
0
0
0
0
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OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
OR-lacZ
Q-lacZ
Q-lacZ
Q-lacZ
Q-lacZ
Q-lacZ
Q-lacZ
6Q-lacZ
6Q-lacZ
6Q-lacZ
6Q-lacZ
6Q-lacZ
6Q-lacZ
S1m-lacZ
S1m-lacZ
S1m-lacZ
S1m-lacZ
S1m-lacZ
S1m-lacZ
S1m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S2m-lacZ
S3m-lacZ
S3m-lacZ
S3m-lacZ
S3m-lacZ
S3m-lacZ
S3m-lacZ
2Hexm-lacZ
2Hexm-lacZ
2Hexm-lacZ
2Hexm-lacZ
2Hexm-lacZ
2Hexm-lacZ
Su(Hw)m-lacZ
Su(Hw)m-lacZ
Su(Hw)m-lacZ
Su(Hw)m-lacZ
Su(Hw)m-lacZ

w; p[yanOR-lacZ]Na.11
w; p[yanOR-lacZ]Na.12
w; p[yanOR-lacZ]Na.13
w; p[yanOR-lacZ]Na.14
w; p[yanOR-lacZ]Na.15
w; p[yanQ-lacZ]2.1
w; p[yanQ-lacZ]2.2
w; p[yanQ-lacZ]3.1
w; p[yanQ-lacZ]3.2
w; p[yanQ-lacZ]3.3
w; p[yanQ-lacZ]3.4
w; p[yan6Q-lacZ]2.1
w; p[yan6Q-lacZ]2.2
w; p[yan6Q-lacZ]2.3
w; p[yan6Q-lacZ]2.4
w; p[yan6Q-lacZ]3.1
w; p[yan6Q-lacZ]3.2
w; p[yanS1m-lacZ]2.1
w; p[yanS1m-lacZ]2.2
w; p[yanS1m-lacZ]2.3
w; p[yanS1m-lacZ]3.1
w; p[yanS1m-lacZ]3.2
w; p[yanS1m-lacZ]3.3
w; p[yanS1m-lacZ]3.4
w; p[yanS2m-lacZ]2.1
w; p[yanS2m-lacZ]2.2
w; p[yanS2m-lacZ]2.3
w; p[yanS2m-lacZ]2.4
w; p[yanS2m-lacZ]2.5
w; p[yanS2m-lacZ]2.6
w; p[yanS2m-lacZ]3.1
w; p[yanS2m-lacZ]3.2
w; p[yanS2m-lacZ]3.3
w; p[yanS3m-lacZ]2.1
w; p[yanS3m-lacZ]2.2
w; p[yanS3m-lacZ]3.1
w; p[yanS3m-lacZ]3.2
w; p[yanS3m-lacZ]3.3
w; p[yanS3m-lacZ]3.4
w; p[yan2Hexm-lacZ]1.1
w; p[yan2Hexm-lacZ]2.1
w; p[yan2Hexm-lacZ]2.2
w; p[yan2Hexm-lacZ]2.3
w; p[yan2Hexm-lacZ]2.4
w; p[yan2Hexm-lacZ]Y.1
w; p[yanSu(Hw)m-lacZ]2.1
w; p[yanSu(Hw)m-lacZ]2.2
w; p[yanSu(Hw)m-lacZ]2.3
w; p[yanSu(Hw)m-lacZ]2.4
w; p[yanSu(Hw)m-lacZ]2.5

Na
Na
Na
Na
Na
2
2
3
3
3
3
2
2
2
2
3
3
2
2
2
3
3
3
3
2
2
2
2
2
2
3
3
3
2
2
3
3
3
3
1
2
2
2
2
Y
2
2
2
2
2

0
0
0
0
0
0
0
0
0
0
0
1,2,3
1,2,3
1,2,3
1,2,3
1,2,3
1,2,3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
3
3
3
3
3
0
0
0
0
0
0
0
0
0
0
0
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Su(Hw)m-lacZ
Su(Hw)m-lacZ
Su(Hw)m-lacZ
Su(Hw)mOR-lacZ
Su(Hw)mOR-lacZ
Su(Hw)mOR-lacZ
Su(Hw)mOR-lacZ

w; p[yanSu(Hw)m-lacZ]3.1
w; p[yanSu(Hw)m-lacZ]3.2
w; p[yanSu(Hw)m-lacZ]3.3
w; p[yanSu(Hw)mOR-lacZ]2.1
w; p[yanSu(Hw)mOR-lacZ]3.1
w; p[yanSu(Hw)mOR-lacZ]3.2
w; p[yanSu(Hw)mOR-lacZ]3.3

3
3
3
2
3
3
3

0
0
0
3
3
3
3

2.5 Generation of Reporter Constructs and Isolation of the 122bp yan-O Enhancer
Genomic DNA encompassing the 5' yan locus was subcloned from λFIX genomic
clones (Lai and Rubin 1992). Constructs were cloned into the pCaSpeR-AUG-βgal,
pwnβE (vector containing a nuclear localization signal) or pBluescript KSII+ vectors
(Stratagene). Constructs A through J were generated by M. Price. Constructs K through
P were generated by PCR and standard molecular techniques. Constructs K-N were
made by PCR with fragment J as the template. For making construct K, primers pCaP
(GGTACTTCAAATACCCTTGGA TCG) and p227m (TTGGATCCACTTCTGCA
TATTCC) were used. For making construct L, primers p198p (AAGAATTCGAA
TATGCAGAAGTGC) and p420m (TTGGATCCT TGAGCCACTCCTTGCC) were
used. For making construct M, primers p390p (GAGATTCAAGGAGTGGCTCAACC)
and p602m (GCGGATCCAGGGGC TCAGTGG) were used. For making construct N,
primers p560p (CGGAATTCGATCA CGTGCCA CC) and pCaM
(GCGCCTCTATTTATACTCCGG CG) were used. For making construct O and P
fragment L was used as the template. For making construct O, primers p198p and p330m
(AGGGATCCTTACCACAAGAACGC) were used. For making construct P, primers
p304p (CTGAATTCTTGTGGTAAGGTGCCC) and p420m were used. For making
constructs Q6X and Q1X the following oligos were used, pCAAAG-F
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(GGAAACATGAAACCCGAAACCTG CA), and pCAAAG-R (GGTTTCGGGTTTCA
TGTTTCCTGCA). Construct Q6X contains six copies of the oligo sequence of which 3
are in the sense direction, 2 in the antisense direction and one in undetermined
orientation. Construct 1X contains one copy of the oligo in the sense orientation.
Mutations for S1 (CCACGGACGT), S2 (ATCTCCGCGC), S3 (TCGCGGACAT) and
2Hex (GGAAACATCGTCTCCCTGCACT) were generated by the quick Change sitedirected mutagenesis kit (Stratagene), mutated sites are in bold. Mutations in S1, S2, S3
and 2Hex were made in collaboration with Y. Wen. Su(Hw) and N-box mutations were
made by PCR using the following primers pSu(Hw)m (AAGAATTCGAACCGATCG
AAGCTGTACGAATTTTT) and pN-boxm (AGGGATCCTTACAGCATCAACGC)
respectively. These constructs were transformed into DH5α or XLBlue E.coli strains.
Colonies were then screened for cloned inserts by PCR (see below). DNA was isolated
from these cultures using a standard STET boiling preparation as printed in Molecular
Cloning a Laboratory Manual 2nd Edition 1989 (Sambrook et al. 1989), Fast Miniprep
(Zhou et al. 1990) or by using the Wizard Plus SV Miniprep DNA purification system
(Promega) for DNA sequencing. DNA isolated from positive clones was examined for
proper orientation by either restriction enzyme digests and/or by DNA sequencing.
Sequencing was performed at the Penn State Life Science Consortium Nucleic Acid
Facility or by using the Beckman Coulter CEQ 2000XL Sequencer. Constructs were
sequenced either in the pBluescript KSII+ vector using T3 or T7 primers or in pCaSpeR
AUG βgal vector using pCaP or pCaM primers. All P[lacZ, w+] transgenes were
introduced into w1118 and/or w; Dr1/TM3, Sb∆2-3 embryos as described in Rubin and
Spradling (1982) and mapped to chromosomes following standard protocols. For each
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reporter construct multiple (at least 3) independent insertions were obtained. (E. Ramos,
2003).

2.6 β-galactosidase Detection in Third Instar Larval Discs and Ovaries
Third instar wandering larvae or 3 day old adult females were dissected in
phosphate buffered saline (PBS) to remove either the eye imaginal discs or the adult
ovaries. Following dissection, the ovaries were slightly teased to disrupt the perotineal
sheath surrounding the ovarioles. Both tissues were washed in PBS and then fixed in 1%
glutaraldehyde solution in PBS for 15 minutes at room temperature or on ice. The
fix/PBS solution was removed and tissues were washed with PBS for 10 minutes 2 times.
Staining solution Fe/Nap (0.2M Na2HPO4, 0.2 NaH2PO4, 5M NaCl2, 1M MgCl2, 50mM
K3(Fe(CN)6), 50mM K4(Fe(CN)6), H20) was then pre-warmed for 10 minutes at 37°C.
Eye disc or ovary tissue was added to the Fe/Nap solution along with 8% X-gal in a 1/30
dilution and incubated for several hours to overnight in most cases. Staining in Pnt lossof-function studies was done for a five hour interval as well as overnight. Staining of the
yan-6Hex construct was as short as 10 minutes. The staining solution was removed and
discs were rinsed once with PBS and resuspended in 80% glycerol/PBS. Eye discs were
then left for a few hours in glycerol before mounting (Rubin Lab Methods Book 2nd
Edition., 1990). All images were photographed on a Zeiss Axiophot compound
microscope. See section 2.1 and 2.4 for a list of lines stained.
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2.7 Heat Shock Experiments
Heat treatment of the Notch over expression lines was done at 37°C for 1-6 hours.
Heat treatment of Nts1 male and heterozygous females was done at 32°C for seven hours.
Heat shock for gp150 rescue experiments using the HS-Gal4 driver was for 3 days at
32°C. Heat shock induction of mutant clones was done at 38°C for ninety minutes.

2.8 Immunostaining in the Third Instar Larval Eye Discs
Eye discs were dissected from third instar larvae in PBS and transferred to either a
4% formaldehyde solution in a .1M Phosphate Buffer or a paraformaldehyde-lysinephosphate (PLP) fix, buffer for 45 minutes on ice. Eye discs where washed in PBT (1X
PBS and 0.1% TritonX-100) for 30 minutes on ice or they were washed in PBTD (0.1 M
phosphate, 0.15% Triton X-100, and 0.15% deoxycolate). During the washes the
parapodial membrane was removed from the eye discs when neccessary. Discs were then
incubated in 10% PBT/NGS (Normal Goat Serum) for 30 minutes. Primary antibody was
added for 3-5 hours at room temperature or overnight at 4°C. Eye discs were washed in
PBT or Phosphate buffer for 30 minutes at room temperature, then washed two more
times for 10 minutes preincubation was repeated with NGS when needed. Secondary
antibody was then added for at least one hour at 25°C. Eye discs were then washed in
PBS or Phosphate buffer. Staining was detected using Vectastain reagents for color
development with biotinylated secondaries (Vector Laboratories) or through fluorescent
analysis. Eye discs were mounted in 80% Glycerol and photographed using a Zeiss
Axiophot compound microscope, a Bio-Rad MRC-1024 Confocal Laser Scanning
System or an Olympus Fluoview 300 Confocal Microscope. Primary antibodies and
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dilutions used were Rat anti-Elav (1:500), Mouse anti-Cyc B (1.3), Mouse anti-Cyc A
(1:5) (Developmental Studies Hybridoma Bank), Rabbit anti-GFP (1:1000), Rabbit antiβ-galactosidase (1:1000), and Mouse anti-Yan (1:50). Secondaries used were anti-Rabbit
Alexa Fluor 488 (1:200), anti-Mouse Alexa Fluor 680 (1:200) (Molecular Probes), and
anti-Rat Alexa Fluor 596 (1:400) (gift T. Kusch), anti-Mouse Texas Red (1:200), antiRabbit FITC (1:200), anti-Mouse IgG (1:200). Other antibody and staining procedures
used procedures that are not shown in the results include Mouse anti-Cyc E, Rat anti-Cyc
E (Richardson), Rabbit anti-Phospho Histone H3 (Siegfried), and Mouse anti-Arm
(Developmental Studies Hybridoma Bank). Mouse anti-Brdu was used following
treatment of eye discs as described by A la Hariharan. Acridine orange staining was done
in eye discs as described by T. Wolff.

2.9 Antibody Staining in the Ovary
Ovaries from wild type flies were dissected in PBS on ice. Ovarioles were teased
apart using tweezers as much as possible without destroying too much of the tissue
integrity. Ovaries were then fixed for 20 minutes in a 5% paraformaldehyde solution,
buffer B, containing 16.7 mM KH2 PO4/K2HPO4, 75 mM KCL, 25 mM NaCl, and 3.3
mM MgCl. Ovaries were then washed for three ten minute washes in PBT ( .1M
NaH2PO4/Na2HPO4 pH=7.4, 150 mM NaCl, .1% Triton-X), blocked for 30 minutes in
PBT plus 5%NGS and then probed with Mouse anti-Gp150 (1:200) dilution in PBT +
NGS overnight at 4°C. The three ten minute washes and blocking procedure was
repeated and ovaries were probed with either Texas Red (1:200) or FITC (1:200) antimouse secondary for 3-4 hours at room temperature in PBT + NGS. Ovaries were then
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washed with PBS. Ovaries stained with Texas Red secondary were then stained with
FITC phalloidin. 10λ phalloidin was dried down and resuspended in 25λ PBS. Ovaries
were incubated in the phalloidin for 20 minutes and then washed with PBS. Ovaries
stained with FITC secondary were washed with PBS and stained with propidium iodide.
During the PBS washes, ovaries were incubated with .4mg/ml of RNAse A prior to P.I.
staining. 5ug/ml of P.I. in PBT plus 1ul of 10mg/ml RNAse A was added to the ovaries
and incubated for 20 minutes. Ovaries were then washed in PBS. All ovaries were kept
in the dark as much as possible once the secondary antibody was added. Ovaries were
mounted in 50% glycerol and images taken using a Bio-Rad MRC-1024 Confocal Laser
Scanning System.
To study the mutant morphology, gp1502/gp1503 and gp1504/gp1504 flies were
double stained using FITC phalloidin and Hoechst nuclear dye. Mutants ovaries were
dissected in PBS on ice and fixed using buffer B. Ovaries were then washed in PBS.
FITC phalloidin staining was conducted as described above and then washed twice for
ten minutes in PBS. 1ug/ml of Hoechst solution in PBS was then added and incubated
for 5 minutes. Ovaries were then washed in PBS and mounted in 50% glycerol.

2.10 In situ Hybridization and Whole-Mount Immunostaining in the Eye and In Situ
in the Ovary
In the eye, Yan antibody and β-gal RNA double staining was done as described
by Cadigan et al. 1998. Yan antibody was used at the same concentration as above
(1:50). LacZ DNA to be transcribed by RNA polymerases was made by using the Lig’n
Scribe No-Cloning Promoter Addition Kit (Ambion). In the ovary, in situ hybridization
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and detection were done as described by Ephrussi et al., 1991. Both the osk and bic
cDNA’s were provided by R. Lehmann. Probes were prepared using the Boehringer DIG
RNA labeling kit. Digoxigenin-labeled single stranded RNA probe was used for
hybridization. Binding of the probe was detected using an alkaline phosphatase (AP)
conjugated anti-Dig-AP Fab fragment antibody (1:200) and color visualized using
NBT/BCIP color detection (Roche Molecular Biochemicals). Images were photographed
on a Zeiss Axiophot compound microscope.

2.11 Electrophoresis Mobility Shift Assay (EMSA)
EMSA studies were done as described by E. Ramos, 2003.

2.12 Histology
Sectioning experiments were done as described by Fetchko, 2002. Adult flies
were allowed to age for three days or more. Sections were made of adult yanp
homozygous flies that were heterozygous for of the three Su(H) mutant alleles described
in 2.1. Sections were also made of TSG mutants clones in the adult eye.

2.13 Scanning Electron Microscopy
Adult flies were fixed in 2% glutaraldehyde for 12-24 hours at room temperature
and then were put through a series of ethanol concentrations to dehydrate the tissue. Flies
were then fully dehydrated using Hexamethyldisilazane (Pelco). Following dehrdration
flies were mounted on a standard mold and sputter coated using gold/palladium. Images
were taken using the JSM 5400 Scanning Electron Microscope.
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2.14 Fertility Studies in gp150 Mutant Flies
For each cross, one fly was mated to three flies of opposite sex. For example, 1
gp1502 /gp1503 female x 3 CS males. The flies were mated for seven days and then
discarded. All progeny were collected from each cross usually over a time period of
about seven days. Virgin females were used in all crosses. Twenty individual crosses
were conducted for single wild type and mutant females to wild type males and thirty
crosses for wild type and mutant males to wild type females. To calculate the mean and
standard deviation, only those crosses that produced progeny were used.

2.15 Western Analysis
Ovary protein extracts were prepared as follows. Whole ovaries were dissected in
PBS on ice and homogenized in 20λ PBT. 5λ 3xSDS loading buffer(Promega) was
added and the samples were boiled for five minutes. Following boiling, samples were
immediately spun for ten minutes at 14Krpm. Samples were loaded and run on a 15%
gradient gel. The gel was left to run overnight at lowest setting about 20mA at room
temperature(Promega running buffer). Gel transfer was left overnight at 50mA in a 16°C
cold room. Transfer buffer contained 30mM glycine, 48mM Tris Base, .037% SDS, and
20% methanol. Following transfer, a Ponceau S. staining was conducted to approximate
protein levels in each well (Maniatas). The blot was then blocked for one hour in 5% dry
milk and washed extensively in PBS. Gp150 pAb(a gift from Michael Fetchko) was used
to probe the blot at a 1:1000 dilution in 2% dry milk and left overnight. Unbound
primary was then washed away in four 15-minute washes in PBS. A 1:5500 dilution of

21

anti-mouse secondary in 2% dry milk was then probed for 1-2 hours and the washing step
was repeated. To visualize the blot the ECL developing kit was used.

2.16 Generation of TSG Mutant Allele
A schematic of the cross scheme used to generate the new allele of TSG through
imprecise exision is detailed below.
Cross 1

w; EP(3)3303/TM6B male X w; Dr1 / TM3 sb ∆2-3 virgin females
-Males flies carrying the P-element insertion (marked by eye color) are

mated to females carrying a transposase source and a dominant marker so that
progeny carrying the transposase source can be separated.

Cross 2

w; EP(3)3303/TM3 sb ∆2-3 male X w; TM3/TM6B virgin females
-Males carrying the P-element and a transposase source on the third

chromosome are collected from the previous cross and mated to virgin females carrying
dominant markers on the third chromosome.

Cross 3

w; ∆EP/ Tm6B males X w; TSG5 Dr1 /TM6B
-Single males having a white eye phenotype from the previous cross,

indicative that the P-element has been excised out, are used for complementation testing
with the TSG mutant allele. Those lines that fail to complement likely represent new
mutations in the TSG gene. A dominant marker is recombined on to the TSG mutation so
that progeny from this cross can be separated and the new allele isolated to establish a
stock.

22

Chapter 3
Yan Introduction
3.1 Developmental Research in Drosophila
For almost one hundred years, Drosophila melanogaster has proven itself to be an
ideal organism for the study of a number of developmental processes. It is among the
cheapest and easiest to manipulate of the multicellular systems. Significant advances
linking different gene products or signaling pathways have been made through genetic
analysis using the fruitfly. The relative simplicity of their genome and the high
homology shared between Drosophila and mammals makes this model organism ideal to
study genes which play significant roles in metazoans. Often in mammals, there may be
a greater level of redundancy with regards to gene function or the context of the system
may prove too complicated to isolate the role of an individual gene. In Drosophila,
however, the system is much simpler. Often, there are a few genes that play the same
role as many related genes in mammals. This basic design plus the limited genome size
of this organism make it easier to decipher regulatory mechanisms.
One area that Drosophila has made large contributions to is development. Many
of the major axis-defining genes have been conserved. For example, the homeobox
genes have been conserved. The homeobox genes, during embryogenesis, define
boundaries that separate portions of the organism that will later be allotted to specific
body segments and set up the anterior/posterior axis (Alberts et al., 1992). Also, major
signaling pathways that are required for the differentiation of specific cell types are also
highly conserved. The Notch pathway, for example, is important in cell differentiation in
particular in regards to neuronal cells. The wingless (wg)/ Wnt signaling pathway is
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another family of proteins that regulate differentiation and are conserved between
mammals and flys (Cadigan, 2002; Moon et al., 2002). Research in Drosophila has not
only been important in detailing the components of these pathways and others but it also
provided many examples where they interact. The interactions of the major signaling
pathways have been shown to be highly significant in providing the level of complexity
required for development. Work in Drosophila, particularly in the study of gene
enhancers, has demonstrated that the compound patterns of gene expression required for
cell differentiation are not necessarily the product of a large pool of different regulatory
molecules but rather are due to the spatial and temporal expression of a few molecules
acting in different combinations. Therefore, one pathway may be affecting very different
outcomes in terms of cell development depending on the timing and location of its
expression (Flores et al., 2000; Halfon et al., 2000; Kumar and Moses, 2001; Xu et al.,
2000).
Throughout the Drosophila life cycle, there are specific developmental stages that
must be surpassed to reach a fully functioning adult. During embryogenesis a
multinucleated egg becomes a multicellular embryo that is divided into layers which
specify specific parts of the organism. The mesoderm is specific to muscle cell types
while the ectoderm specifies cells within the central nervous system complimenting what
is seen in vertebrates. During the larval stage of Drosophila, clusters of cells are
separated to form what are known as the imaginal discs. These imaginal discs develop to
form adult structures such as the wing, leg and eye during the later pupal stage.
Considerable work has been done studying the development of cells within the imaginal
discs. It has been shown that development of adult structures from imaginal discs
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requires many of the major pathways mentioned including Wg, Notch and Hedgehog
(Hh) (Cadigan, 2002; Kumar and Moses, 2001).
The imaginal discs are ideal to study the role of various developmental regulators
because they contain distinct groups of cells that can be easily separated from the rest of
the organism. There are many markers available that can be useful for phenotypic
analysis. Also, each disc gives rise to a limited number of different cell types making it
simpler to study the interactions between key proteins and signaling pathways than it
would be within the context of the whole organism.
One of the most extensively studied imaginal discs is the eye. The eye is not
required for viability in the fly which makes it possible to disrupt the eye even to the
point where it is completely missing and still have viable adult progeny. The adult eye is
composed of a repeating, regularly ordered array of cells which allows for easy detection
of even the slightest disruption. Also, mosaic analysis works well in the eye because the
cells types are repeated so that wildtype and mutant cells can be studied side by side.
Lastly, differentiation of the eye progresses in a controlled manner that is easy to time
and track (Wolff and Ready, 1993).

3.2 Defining the Eye Field
Like the other imaginal discs, eye discs require the integration of a number of
major pathways and signaling molecules for proper development and differentiation. The
adult eye is comprised of a regular ordered array of facets or ommatidium (Figure 3).
Each ommatidia is composed of twenty cells. These twenty cells consist of eight
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Figure 3. Cellular Components of the Drosophila Adult Eye.
Scanning electron microscopy image of an adult compound eye. Note the precise
pattering of the ommatidium. Diagram indicating the cellular components required to
form a single ommatidia. Note the placement of the photoreceptors. R7 lies on top of R8
in the center of the ommatidia surrounded by the remaining six photoreceptors and
accessory cells (Wolff and Ready, 1993).
neuronal photoreceptor cells, four cone cells, pigment and sensory bristle cells (Wolff
and Ready, 1993). The differentiation of these cell types occurs through a progressive
recruitment of unspecified cells within the eye disc. Initial specification of the cells that
will comprise the eye imaginal disc was originally believed to occur in late
embryogenesis and early first instar larvae. This specification was believed to be under
the control of seven “master” regulatory genes: eyeless (ey) [a homolog of Pax-6 in
mammals], twin of eyeless (toy), eyes absent (eya), sine oculis (so), dachshund (dac), eye
gone (eyg) and optix (opt) (Baker, 2001; Halder et al., 1998; Gehring and Ikeo, 1999;
Treisman, 1999). Mutations in any of these genes led to a reduction or loss of the eye
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while misexpression of these proteins alone (ie. Eyeless) or in combination could lead to
ectopic photoreceptor cells in other parts of the body. The hypothesis was that these
genes when coexpressed in the same cell specified that cell to be a part of the eye tissue
(Gehring and Ikeo, 1999; Heberlein and Treisman, 2000; Seimiya and Gehring, 2000).
One idea missing from this hypothesis was how these genes were expressed
initially. All of the above genes are nuclear proteins involved in transcriptional
regulation and, although there has been work done that demonstrates interactions between
these genes at the transcriptional level, little is known about any extracellular signals that
may be involved in initiating the expression of this group (Heberlein and Treisman, 2000;
Kumar and Moses, 2001). Recent work from the Moses lab, however, has led to a better
understanding of both the timing and mechanism involved in eye cell fate specification.
Research from this lab demonstrated that the seven master genes are not coexpressed in
the same cells until late in second instar not in the embryo as previously thought (Kumar
and Moses, 2001a; Kumar and Moses, 2001b). Further, the Notch (N), RTK mediated by
the Drosophila Epidermal growth factor receptor (DER), Hedgehog (Hh) and Wingless
(Wg) pathways were all shown to aid in specifying the eye and antennal discs. For
example, over-expression of DER pathway components using an Ey-Gal4 driver caused a
cellular transformation resulting in two antennal discs and no eye (Kumar and Moses,
2001). Loss of Notch function using dominant negative forms of the protein driven by
the same driver gave similar results. Combining recent and previous work led to the
model that is seen in figure 4. This model indicates that late in second instar Notch is
upregulated in the presumptive eye while DER and Hh both signal to specify the antennal
cell fate. During this same time frame, toy and ey along with the other eye defining genes
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are integrating their expression in the same cluster of cells (Gehring, 1999; Heberlein and
Treisman, 2000; Kumar and Moses, 2001; Treisman, 1999). The model indicates that
even at the very beginning stages eye specification and development is a very complex
process involving many of the highly conserved major signaling pathways.

Figure 4. Specification of Eye Fate.
Model indicating the signaling requirements for proper specification of the eye field. As
is indicated, eye specification does not occur until the 2nd instar larva period when the eye
master control genes expression pattern converge. Multiple pathways are required to
specify the eye fate and to inhibit the antennal fate in the posterior portion of the imaginal
tissue. These pathways regulate expression of the eye master control genes adding new
level of complexity to eye fate specification (Kumar and Moses, 2001).
3.3 Initiation and Progression of the Morphogenetic Furrow
Once the eye disc has been established and the cell field has proliferated to a
sufficient size, ommatidial assembly can begin. In third instar larvae, the cells within the
eye imaginal disc form a monolayer epithelium. These cells, prior to differentiation, are
uncoordinated, proliferating cells representing all stages of the cell cycle. Recruitment of
these cells into the developing ommatidia requires cell coordination. This is achieved
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through the combined efforts of a number of signaling molecules and pathways.
Differentiation begins by initiation of the morphogenetic furrow (MF). The MF is a
physical indentation on the surface of the eye disc that results from constriction of actin
fibers within the cells. This constriction moves from the posterior portion of the eye to
the anterior in a wavelike manner. As the MF passes over a region of cells, those cells
are arrested at the G1 stage of the cell cycle and await recruitment into the ommatidia.
Therefore, eye development can be divided into two dynamic phases. Phase one is
initiation and propagation of the furrow and phase two is cell recruitment including both
neuronal and non-neuronal accessory cells (Dickson and Hafen, 1993; Kumar and Moses,
2001; Wolff and Ready, 1993).
Initiation and progression of the furrow requires a number of different signaling
molecules. Hh is expressed just in front of the furrow within the center of the disc and is
a positive regulator of furrow initiation and progression. This initiation and progression
is done in combination with Decapentaplegic (Dpp), another positive regulator that
functions mainly in maintaining the progression of the furrow. Part of Dpp function is to
inhibit Wg expression (Heberlein and Moses, 1995; Treisman and Heberlein, 1998). Wg
is expressed at the dorsal and ventral margins of the eye disc and functions to inhibit
differentiation (Heslip et al., 1997; Ma and Moses, 1995; Treisman and Rubin, 1995).
The ability of Hh and Dpp to regulate the furrow progression and promote differentiation
depends in part on the fact that both are secreted molecules and are able then to signal
and align cells at a short distance. Experiments have indicated that the regulation of these
two genes is partially controlled by two common pathways already discussed Notch and
DER, an RTK family member (Kumar et al., 1998;Matsuno et al., 1997; Yang and Baker,
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2001). Loss-of-function experiments using temperature sensitive alleles of DER indicate
that it is required for furrow initiation. Conversely, overexpression of members of this
pathway can induce ectopic furrow initiation (Kumar and Moses, 2001c).
Overexpression of a dominant negative form of Notch using the Dpp-Gal4 driver also
leads to a loss of the MF. Further research using these two pathways indicated that
indeed they do work in combination to promote initiation of the furrow by positively
regulating Hh. Later, during furrow progression, they are also involved in promoting
Dpp expression. It is also important to note that Wg may be the upstream activator of
this signaling cascade through positive regulation of the DER ligand Spitz (Sp) (Figure 5)
(Kumar and Moses, 2001c).

Figure 5. Requirements for Initiation and Progression of the Morphogenetic
Furrow.
Furrow initiation at the posterior of the eye disc requires activation of Hedgehog (hh) by
DER and Notch. Subsequent progression of the furrow requires positive signaling by hh
to promote expression of Decapentaplegic (Dpp) and atonal (ato). Dpp is required to
block wingless (wg) inhibition of differentiation at the dorsal/ventral margins. Ato
promotes neural fate and is required in the first cell of the ommatidia. During furrow
progression DER and Notch again serve as positive regulators. (Adapted from Moses,
2001; Treisman, 1999).
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Regulation of MF provides an interesting comparison against the eye tissue
specification previously discussed. Many of the same pathways and signaling molecules
are used in both cases but how they interact with each other is different. For example, the
Notch and DER pathways are in opposition when defining the eye disc but coordinate to
regulate the furrow (Kumar and Moses, 2001a; Kumar and Moses, 2001c). Wg signaling
inhibits both the eye field formation and differentiation via the MF but is implicated in
activating the positive signaling cascade mediated by DER and Notch during
differentiation (Treisman and Rubin, 1995; Kumar and Moses, 2001). This comparison
details the level of complexity that can be obtained using only a few key pathways as
described above.

3.4 Cell Differentiation and Ommatidial Recruitment
As mentioned, once the morphogenetic furrow passes a line of cells they are
halted at the G1 phase of the cell cycle and are ready for recruitment. Incorporation of
cells into the ommatidia occurs in a precise sequential fashion. The photoreceptor cells
are the first to be recruited. The R8 photoreceptor cell is first followed by R3/R4, R2/R5,
R1/R6 and lastly R7. Four lens secreting cone cells are next followed by the pigment and
bristle cells (Figure 6). The majority of this recruitment is the product of cell to cell
communication and requires a number of signaling molecules. Again, however, a limited
number of major signaling pathways have been shown to be involved upstream of these
molecules and can account for the majority of mechanisms involved (Cooper and Bray,
2000; Dickson, 1998; Flores et al., 2000; Kumar and Moses, 1997; Wolff and Ready,
1993; Xu et al., 2000; Yang and Baker 2001).
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Figure 6. Ommatidial Assembly Through Cell Recruitment in the Developing Eye.
A schematic depicting cell differentiation and recruitment posteror to the MF. Precursor
cells have basally located nuclei (pink) prior to recruitment. Yan is expressed in these
cells and serves to maintain them as undifferentiated. Loss of Yan results in recruitment
and an apical shift in the cell nuclei. Cell recruitment occurs in a specific order. R8 is
the first specified cell of an ommatidia followed by R2/R5, R3/R4, R1/R6 and the last
photoreceptor recruited is R7. Following R7 specification the non-neuronal cells are
recruited including cone, pigment and bristle cells. (Adapted from Wolf and Ready,
1993).

Initial specification of the R8 cell requires the expression of the proneural gene
atonal (ato). Hh activates Atonal expression just anterior to the furrow (Borod and
Heberlein, 1998; Chen and Chien, 1999) and Hh subsequently maintains this expression
in conjunction with Notch and Dpp. Atonal expression then gradually becomes restricted
to smaller clusters of cells posterior to the furrow, which are called the proneural
preclusters. These cells are all believed to be equivalent in their ability to differentiate
into the R8 cell. Further restriction of the Atonal protein occurs which leaves only one
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cell expressing Atonal. This cell then becomes the R8 photoreceptor around which the
rest of the ommatidia is assembled (Baker et al., 1996; Baker and Yu, 1997; Baker,
2002). The adult eye is very precisely organized (Figure 3). All ommatidia are aligned
in clean rows. This fixed organization is initiated with the specification of the R8. The
R8 cells must be spaced properly in order for the rest of the eye to assemble in a regular
pattern. Proper spacing of the Ato expressing cell is critical for the future recruitment
steps. This spacing is believed to be accomplished by lateral inhibition. Lateral
inhibition is a process where one cell is able to block the differentiation of its neighboring
cells through cell to cell communication. In this case, the presumptive R8 is able to
activate the Notch pathway in its surrounding cells which in turn inhibits them from
differentiating. Inhibition by Notch thus helps to organize the spacing of the ommatidia
(Ligoxygakis et al., 1998; Baker and Yu, 1997; Yang and Baker, 2001; Baker, 2002).
Following the recruitment of R8, incorporation of the other ommatidial cells
occurs through activation of DER and subsequent signaling via components acting
downstream of DER including RAS. Interestingly, studies have demonstrated that,
despite DER’s positive role in the differentiation of other ommatidial cells, neither it nor
RTK pathway components acting downstream of DER are required for specification of
R8 (Chen and Chien, 1999; Yang and Baker, 2001). As mentioned, however, most other
cells do require DER signaling for differentiation. The basic model is that within the
monolayer epithelium of the eye disc placement of cell nuclei defines the state of a cell.
Initially, all cells have basally located nuclei. Then, when cell differentiation occurs, the
nuclei within the cells become apically located (Figure 6). This is true for all cells within
the ommatidia. During recruitment, those cells with basally located nuclei are termed
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precursor cells. In precursor cells inhibitory signals are present which block the ability of
these cells to differentiate until the proper positive signals are initiated (Freeman, 1998;
Kumar et al., 1998; Lai and Rubin, 1992; Wolff and Ready, 1993). As mentioned, the
general signal for differentiation is mediated by DER and the RTK pathway. This
pathway works in combination with other signals in a time, space and lineage dependent
manner to specify cell fate. This idea has been termed the combinatorial model for cell
specification. The basic design of this model begins with the fact that there are a few
genes for each cell type whose expression defines that cell. Activation of these genes
requires a combined effort from different transcription factors at their enhancers. The
key is, the same transcription factor can play a role in specifying different cell types
depending on which other factors are working in combination with it within a cell.
Therefore, a small group of factors can be used to recruit a number of different cell types
by combining them on an enhancer in different ways. Also, the presence of one
transcription factor from a combination is likely to have no effect until the other
components are present to activate a target gene and specify cell fate (Flores et al., 2000;
Simon, 2000; Xu et al., 2000). An example of this can be seen in cone cell specification.
Cone cell recruitment requires activation by both the Notch pathway and RTK pathway
through activation of DER as well as the protein Lozenge (Lz). In undifferentiating cells,
both the Notch pathway and Lz are present but RTK is not. RTK activity is present in
photoreceptors but Notch signaling is not and Lz is only present in R7. It is not until the
differentiation of cone cells that all three of these factors are present within the same cell
type and can function together to specify expression of the cone cell specific marker
sparkling (spa) (Flores et al., 2000).
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3.5 Notch Signaling
To this point, we have discussed cell recruitment after R8 specification in very
general terms. We have discussed the idea that the process of eye development can be
seen as being guided by a few major signaling pathways acting in combination to affect
various downstream targets to elicit a number of responses. While it is true that each cell
type expresses specific markers that are used to define it, this level of specification is not
the focus of our work. Instead, we would like to discuss two of the major signaling
pathways involved in eye development and detail their mechanisms of action. The first
pathway is Notch. Notch has been shown to be required for specification of the eye disc,
progression of the furrow, proper spacing of the ommatidia through lateral inhibition and
for differentiation of non-neuronal cell types (Baker, 2002; Kumar and Moses, 2001a;
Kumar and Moses, 2001; Ligoxygakis et al., 1998). Much of this we have already
summarized. Notch has been demonstrated to play a significant role not only in eye
development but in the development of most tissues. For example, in the developing
wing it helped to specify the dorsal/ventral margins and it has been shown to be involved
in the upregualtion of different master control genes like ey (Celis et al., 1996; Kumar
and Moses, 2001a).
Notch is a single pass transmembrane protein. Its basic structure is conserved
from C. elegans to humans. Its extracellular portion contains a number of DER like
repeats along with a cysteine rich region characteristic to Notch the LIN-12/Notch repeat
domain (LNR). In the intracellular portion of the protein is a RAM23 domain (RAM), a
CDC10/Ankyrin repeat domain (ANK) and a proline, glutamine, serine, threonine rich
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region (PEST). Notch also has nuclear localization signals (nls) within its C-terminal
half (Figure 7). Lastly, research has demonstrated that there are three cleavage sites
within the transmembrane domain. These sites have been shown to be important for the
activation of Notch signaling upon ligand binding (for review Greenwald, 1994; Mumm
and Kopan, 2000).

Figure 7. Schematic of the Notch Protein.
Notch is a single pass transmembrane protein. Its extracellular protein contains multiple
EGF repeats and a cysteine rich region the LIN-12/Notch repeat domain (LNR). S2 and
S3 represent cleavage sites required for release of the intracellular protein of Notch. This
portion contains a Ram23 domain, a CDC10/Ankyrin repeat domain and a proline,
glutamine, serine, threonin rich region (PEST). These portions of the protein are required
for interaction of Notch with its downstream pathway components such as suppressor of
hairless. (Adapted from Fetchko, 2002).
As described, Notch is a cell surface receptor. Work on Notch has demonstrated
that it signals using the Regulated Intramembrane Proteolysis (RIP) paradigm. RIP has
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been shown to be used not only by Notch but other proteins as well such as the sterol
regulatory element binding protein (SREBP) which is involved in cholesterol
metabolism. The RIP mechanism involves regulation of a docked receptor. Activation
of this receptor by its ligand results in intramembranous proteolysis to release a
subportion of the protein which can then go on to a second site of action. In Drosophila
there are two Notch ligands Delta and Serrate both of which are also found on the cell
surface. Therefore, the majority of signaling via the Notch pathway is the result of cell to
cell contact/ communication. Binding of Notch to its ligand leads to Notchs activation.
This activation stems a series of cleavage reactions that result in the release of the
intracellular portion of Notch. This portion then translocates to the nucleus where it acts
in complex with its cofactor Su(H) to regulate transcription (Figure 8) (Brown et al.,
2000; Kramer, 2000; Mumm and Kopan, 2000; Weinmaster, 2000).
Su(H) is a key downstream component of the Notch signaling pathway in
Drosophila. Su(H) interacts with the intracellular domain of Notch at its RAM and ANK
motifs (Mumm and Kopan, 2000). There has been significant work done to detail how
Su(H) functions in the Notch pathway. Recent work has indicated that Su(H) likely acts
as both a repressor and an activator during development. In the absence of Notch, Su(H)
appears to bind and repress the transcription of Notch target genes (Bray and Furriols,
2001; Furriols and Bray, 2000; Morel et al., 2001). The first evidence for this was seen
when looking at the regulation of the embryonic protein Singleminded (Sim). Sim has
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Figure 8. Notch Pathway Signaling.
This diagram shows the mechanism of Notch signaling through Regulated
Intramembrane Proteolysis (RIP), following activation of the Notch receptor by binding
to its ligands Delta or Serrate. The intracellular portion of Notch is released and
tranlocated to the nucleus where it interacts with its cofactor Su(H). The Nicd/Su(H)
complex is then able to regulate transcription of Notch target genes such as members of
the enhancer of split complex (E(spl)).
been shown to require Notch signaling for expression in midline cells of the embryo for
their differentiation into mesectodermal tissue. Loss of Su(H) function in these cells
leads to a broadening of Sim’s expression pattern in cells outside of the midline while
inhibiting activation by Notch within the midline. This data indicates that normally, in
the absence of Notch signaling, Su(H) functions to repress transcription of the sim gene
(Morel and Schweisguth, 2000). A similar result is seen when Su(H) function is deleted
in the developing eye. Ato expression is activated earlier than normal and at higher
levels. This is in contrast to Notch loss of function analysis which represses ato (Li and
Baker, 2001). Taken together, this implicates Su(H) as a repressor in the absence of
Notch activation.
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Current studies have indicated that these repressor capabilities require Su(H) to
interact with other co-repressors to form a complex. One complex involves the binding
of the protein Hairless (H). H is believed to link Su(H) to the co-repressor dCtBP
(Drosophila C-terminal binding protein). Together these three proteins act in a complex
capable of inhibiting transcription. Release of the Nicd is thought to be able to compete
with H to disrupt its interaction with Su(H) and thus break up the repressor complex.
Su(H) and its mammalian homolog CBF1 have also been shown to bind to other
repressor complexes in the absence of H to inhibit transcription. Again, these.

Figure 9. Three Mechanisms for Su(H) Function.
This model demonstrates three distinct ways Su(H) can function in the nucleus and
details how the intracellular portion of Notch (Nicd) integrates into these functions. In the
absence of Notch signaling, Su(H) can function as a co-repressor incombination with
other repressors to block gene transcription. Following Notch activation, Nicd is believed
to bind to Su(H) releasing it from its repression complex. Su(H) can then function to
activate transcription in two ways. In the Nicd obligate model the Nicd/Su(H) protein
complex is required for activation of target genes. In the Nicd-permissive model, Nicd is
not required for transcriptional activation of target genes but only to disrupt the repressor
complex through interaction with Su(H). Following derepression, Su(H) may or may not
be required for transcriptional activation. Adapted from Furriol and Bray, 2000.
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interactions can be antagonized by the Nicd (Bray and Furriols, 2001; Morel et al., 2001;
Mumm and Kopan, 2000)
Studies of the Notch pathway and its target genes combined with the data
detailing Su(H)’s repressor capabilities have presented a model that gives three different
mechanisms for Su(H) function (Figure 9) (Furriols and Bray, 2000). The first is its
repressor ability. The other two involve its interaction with the Nicd and the transcription
of target genes. Furriols and Bray define the two activation complexes as Nicd-obligate
vs. Nicd-permissive. In the obligate case, the Nicd disrupts the Su(H) repressor complex
and is then required for the transcriptional activation of target genes. Members of the
enhancer of split (E-spl) complex would be included in this category (Bailey and
Posakony, 1995; Bray and Furriols, 2001; Lecourtois and Schweisguth, 1995). In the
permissive case, the Nicd would be needed to disrupt repression of a target gene by Su(H)
but is not needed for the actual activation of this gene. ato is a good example of this type
of model. In this case, it is believed that the Nicd is needed to remove Su(H)’s block on
ato transcription but other factors are likely to be directly responsible for its activation
(Bray and Furriols, 2001; Li and Baker, 2001; Ligoxygakis et al., 1998).
The Notch pathway provides a good example of the degree of complexity that can
be obtained by a single signaling system. There are many points in the pathway that can
be varied to fine tune its signaling from regulation of ligand levels to control of the
cleavage reactions needed for release of the active form of Notch. Lastly, the Notch
independent and Notch dependent roles for Su(H) provide further specification. These
modulations in Notch signaling, when combined with the various interactions of the
Notch pathway with other major signaling mechanisms, demonstrate how the many
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different layers of regulation needed for proper development can be achieved. Our work
adds another level of complexity by providing a mechanism demonstrating competition
for target enhancers with Notch.

3.6 RTK Signaling
The second pathway we would like to discuss is the receptor tyrosine kinase
(RTK) pathway. In general, the RTK pathway is involved in almost every stage of
development. It is involved in cell proliferation, differentiation, migration and cell
survival. In the developing eye, the RTK pathway is involved in a number of different
functions similar to Notch. Loss-of-function studies using both temperature sensitive
alleles of the pathway receptor and clonal analysis using various components of the
pathway have implicated it in a number of different tasks. Gain-of-function studies using
pathway components corroborate these observations. The RTK pathway takes part in
specifying and activating the proliferation of cells within the eye field. It is believed to
play a role in patterning the R8 cell but not specifying it. The subsequent specification of
the other photoreceptors and accessory cells do require activation of the RTK pathway.
Lastly, this pathway is needed for the survival of cells within the developing eye
(Dominguez et al., 1998; Kumar et al., 1998; Yang and Baker, 2001). Like Notch, many
of these functions have been discussed above.
Signaling by the RTK pathway initiates with ligand binding to a cell surface
receptor. This activation initiates a cascade of events that ultimately results in the
transcription of target genes in the nucleus. In Drosophila there are multiple receptors
that can activate the RTK pathway but in the developing eye there are only two. The
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Drosophila epidermal growth factor (DER) receptor is responsible for the majority of
events utilizing the RTK pathway in the eye. It is the only EGF like receptor in the
frutifly (Freeman, 1998; Raabe, 2000). DER has multiple ligands including Gurken,
Spitz and Vein. Gurken is associated with activation of DER during oogenesis and
Vein’s involvement in wing development has been well characterized (Morgan et al.,
1996; Nilson and Schupbach, 1999; Simcox, 1997). Spitz has been shown to activate
DER in the developing embryo and other tissues including the eye (Mayer and NussleinVolhard, 1988; Tio and Moses, 1997; Yang and Baker, 2001). DER activation, like in
other RTK receptors, causes a dimerization of the protein and phosphorylation of tyrosine
residues on its cytoplasmic half. This phosphorylation allows binding of an intermediary
protein downstream of receptor kinase (DRK). DRK recruits the guanine nucleotide
exchange factor son of sevenless (SOS). SOS activates Ras by exchanging GTP for GDP
on the protein. Activation of Ras leads to a cascade of phosphorylation and kinase events
resulting in the activation of MAPK. MAPK then translocates from the cytosol to the
nucleus where it phosphorylates RTK target proteins. Phosphorylation of these proteins
results in changes in transcriptional activity that will be discussed later (Figure 10) (for
review: Dickson, 1995; Dickson, 1998; Rebay, 2002).
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Figure 10. Components of the Receptor Tyrosine Kinase Pathway in the Developing
Eye.
A diagram indicating members of the RTK pathway in Drosophila eye development.
Activation of Drosophila epidermal growth factor receptor (DER) by its ligand Spitz
initiate the signaling cascade that results in phosphorylation of Rolled the Drosophila
MAPK. This leads to phosphorylation of Yan in the nucleus targeting it for degradation.
At the same time Pointed-P2 and Jun are also phosphorylated. Pointed-P2 and Jun can
then regulate transcription of RTK target genes to initiate cell differentiation.
There is a second RTK signaling pathway involved in eye development. This
pathway utilizes a different receptor and ligand than DER but the intracellular mechanism
is the same. The Sevenless (Sev) receptor is expressed in a subset of the photoreceptor
cells (R1, R3, R4, R6, and R7). Its ligand Bride of Sevenless (Boss) is expressed in the
R8 cell within the developing ommatidia. Binding of Boss and Sev has been shown to be
required for the differentiation of R7 photoreceptor cells DER signaling is also activated
in the presumptive R7 cell but it’s differentiation seems to require the activation of both
receptors and their subsequent initiation of the RTK cascade. It is the only cell in the eye
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that utilizes the Sevenless pathway (Kauffmann et al., 1996; Raabe, 2000). Thus, it is
unclear why this receptor is expressed in other photoreceptor cells.
Similar to the situation with Notch, there are many mechanisms intrinsic to the
RTK pathway that function to regulate its level of activity, during eye development. As
mentioned, research has demonstrated that there are multiple ligands able to activate the
DER receptor. It is hypothesized that there may be other ligands that have not yet been
identified or characterized (Rebay, 2002). Further, there are inhibitory molecules that
block signaling via RTK. Argos and Kekkon1 are two negative regulators of the DER
pathway that are shown to block activation at the receptor. Both are induced by high
levels of DER activity providing a negative feedback mechanism for the pathway
(Freeman et al., 1992; Freeman, 1996; Ghiglione et al., 1999; Rebay, 2002; Schweitzer et
al., 1995). A third negative regulator that is a target of RTK activation is Sprouty. The
way in which Sprouty antagonizes the pathway is not fully understood but it is believed
to function downstream of DER but upstream of Ras (Casci et al., 1999; Hacohen et al.,
1998). Regulating the speed at which Ras hydrolizes GTP is another way that this
pathway can be modulated (for review: Boguski and McCormick, 1993; Rebay, 2002).
These methods to refine RTK activity help to support its ability to elicit so many varied
responses in all phases of development. Taking this in combination with RTK’s multiple
interactions with other signaling pathways demonstrates again how the complexity
needed for development can be reached.
A final area that provides specificity for RTK signaling involves its target
proteins. Two main targets of RTK signaling are the ETS DNA binding proteins Yan and
Pointed (Pnt) (O’Neill et al., 1994). Both proteins play a pivotal role in the research of
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this thesis and thus will be discussed individually. The pnt gene encodes two isoforms of
the protein PntP1 and PntP2. Pointed functions as a transcription factor in the nucleus
(Klambt, 1993; O’Neill et al., 1994). PntP2 is activated through phosphorylation by
MAPK. PntP2, prior to RTK activation, it not functional as a transcription factor but
after its activation by MAPK it is able to target ETS motifs on genes responsive to RTK
such as Phyllopod (Phyl). Phyl has been shown to be required for the differentiation of
the R1, R6 and R7 photoreceptor cells (Brunner et al., 1994; Dickson et al., 1995;
O’Neill et al., 1994). By contrast, PntP1 is not phosphorylated by MAPK. PntP1 is
believed to function as a transcriptional activator but this function is thought to be
constitutive rather than inducible. Despite this fact, PntP1 does seem to be responsive to
RTK signaling via DER (Gabay et al., 1996; Klambt, 1993; O’Neill et al., 1994). It has
been hypothesized that PntP1 may actually be activated by PntP2 following DER
activation (O’Neill et al., 1994). One target of PntP1 is the inhibitor argos implicating
PntP1 as a negative regulator of DER activity (Gabay et al., 1996; Morimoto et al.,
1996). Throughout development, both Pnt proteins are involved in regulating RTK
signaling but often there specific functions are different. PntP2 is generally believed to
act only as a transcriptional activator while PntP1 has recently been thought to act as both
an activator and repressor (Morimoto et al., 1996; O’Neill et al., 1994; personal
communication Baker, 2002; this thesis, 2003). In any case, Pnt is either activated or
upregualted by RTK signaling often through DER activation throughout development.
By contrast, Yan is an antagonist of the RTK pathway. Yan is defined as a general
inhibitor of differentiation. It has a broad pattern of expression including embryos,
ovaries, the developing CNS and the eye imaginal disc. Yan binds to ETS recognition
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sequences to block the transcription of genes needed for differentiation (i.e. jun and fos)
(Lai and Rubin, 1992; O’Neill et al., 1994; Rogge et al., 1995). During development,
activation of the DER receptor and subsequent RTK signaling results in loss of Yan
inhibition. The Yan protein contains eight phosphorylation sites for MAPK.
Phosphorylation of these sites by MAPK targets degradation of Yan by the ubiquiten
pathway. In this sense, Yan provides an inhibitory threshold that the RTK pathway must
surpass in order to elicit its desired response (Rebay and Rubin, 1995; Rebay, 2002;
Tootle et al., 2003).
In the developing eye, Yan is expressed in the nuclei of all undifferentiated precursor
cells (Figure 11). It is believed to help these cells maintain there undefined state until
proper inductive signaling mainly by DER, activation and the RTK pathway. Loss of
Yan function supports this as it results in the differentiation of too many photoreceptor
cells. The expression pattern of Yan fits its role in precursor cells as well (Lai and Rubin,
1992). As can be seen, Yan has a strong stripe within and just posterior to the MF. This
expression is then reduced only to the precursor cells with basally located nuclei. To
date, most of the information regarding Yan has been focused on the regulation of the
protein. We are interested in understanding the transcriptional regulation of yan. Little
information is available to detail how yan expression is initiated or how it is disrupted in
developing cells. We sought to isolate an eye specific enhancer for yan and then perhaps
to use this enhancer to detail the mechanisms of yan’s regulation in the developing eye.
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Figure 11. Yan is Dynamically Expressed in the Third Instar Eye Disc.
Image of a wildtype (Canton S) third instar eye disc stained with anti-Yan antibody.
Image shows the high level of expression at the MF that then becomes restricted to the
basal nuclei of precursor cells. Anterior is to the left. Red arrow indicates MF.
3.7 Enhancer of Split Complex
The approach we have taken with yan has been successful in the study of other
regulatory genes. One example is the E(spl)-complex genes. These genes are probably
the best studied targets of the Notch pathway (Bailey and Posakony, 1995; deCelis et al.,
1996; Lecoourtis and Schweisguth, 1995). Members of this complex when activated by
Notch regulate genes involved in the differentiation of cell types in the developing eye,
wing and leg (Cooper et al., 2000; deCelis et al., 1996; Delidakis et al., 1991). In
particular, members of the complex have been implicated in mediating Notch’s role in
refining proneural preclusters to get a single sensory organ precursor (SOP). These
SOP’s are responsible for giving rise to the different cell types needed by the peripheral
nervous system (Posakony, 1994). The complex consists of seven basic helix-loop-helix
repressor (b-HLH) proteins (m3, m5, m7,m8,mβ, mγ, and mδ) (Delidakis and Artavanis-
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Tsakonas, 1992). A corepressor groucho is also part of the complex. Four proteins
similar to the gene bearded are in the complex (m2, m4, m6, and mα) and m1 is the final
member and is believed to be a protease inhibitor (for review: Nellesen et al., 1999).
Significant work has been done to characterize the transcriptional regulation of these
genes. Minimal cis-located enhancer elements for most of these genes have been
isolated. There are some key points in common when studying these enhancers. First,
they all contain multiple binding sites for Su(H). Often these sites are organized in a
specific manner termed the Su(H) paired sites (SPS). This motif consists of two Su(H)
sites separated by about sixteen base pairs and aligned in opposite orientation. These
SPS sites have been shown to bind Su(H) with a high affinity. Encoded within some of
these sites are other DNA binding motifs like the E-twenty six (ETS) and b-HLH protein
binding sites. There have been many subtle aspects of the transcriptional regulation of
E(spl) genes that analysis of these specific enhancers has been able to detail including
autoregulatory loops involving members of the complex (Cooper et al., 2000; Eastman et
al., 1997; Nellesen et al., 1999).
Our work using the eye specific enhancer for yan has indicated that, like many
developmental regulators, Yan expression requires the coordinated efforts of many
signaling molecules. Most significantly, our work has provided an example where the
Notch and RTK pathways are linked at the transcriptional level. In our case, the two
pathways appear to antagonize each other by direct competition for binding on the yan
enhancer between downstream mediators of these two pathways (Rohrbuagh et al.,
2002).
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Chapter 4
Yan Results:
The Yan protein plays a significant role in the differentiation and patterning of the
developing eye. As mentioned, Yan is a general inhibitor of differentiation. During third
instar larval development, the eye imaginal disc begins the process of recruiting and
organizing cells into photoreceptors and other cell types required in the adult eye. Yan’s
role in this process is to help maintain cells in an undifferentiated state until the proper
timing and signaling for their recruitment. Yan’s expression is high in unpatterned cells
particularly at the morphogenetic furrow (MF) within the eye disc. As cells are selected
for differentiation by the receptor tyrosine kinase pathway (RTK), the levels of Yan
protein in these cells drops significantly. This releases the inhibitory block by Yan on
these cells allowing them to mature to adult eye cell types. This reduction in Yan protein
occurs through phosphorylation of Yan by the RTK pathway targeting it for degradation.
Previous work on the Yan protein has detailed this process (Rebay and Rubin, 1995;
Tootle et al., 2003). To this point, however, little work has been done on the
transcriptional regulation of the yan gene in the developing eye. As discussed, this work
focuses on the regulation of yan in the developing third instar eye imaginal disc.

4.1 Identification of a 122bp Eye-specific Enhancer
The first question asked to approach this issue was “What elements of the yan
enhancer are required for proper expression of the yan gene within the developing eye?”.
This was addressed by placing fragments of DNA surrounding the first exon of the yan
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Figure 12. Schematic of the Drosophila melanogaster yan Locus and Genomic
Fragments Used for Enhancer Analysis.
(A) A map of the yan locus. yan A and yan B represent two splice forms of the yan gene
(yellow) in red is the coding region for yan A. CG15383 is a predicted gene just
upstream of yan. yanP in blue is an enhancer trap line inserted in the yan gene that
has a hypomorphic mutant phenotype. Arrows indicate transcriptional direction.
(B) Genomic fragments used for lacZ reporter constructs. In blue are all fragments that
gave expression in the third instar eye disc (A, G, J, L, O). A represents the largest
fragment showing expression in the eye (4.4kb) while O, a fraction of A, represents
the smallest fragment at 122bp.
gene in front of a lac-Z reporter and then testing the ability of these fragments to drive β-,
galactosidase expression in a pattern resembling Yan (Figure 12). yan-A, a 4.4kb
fragment, gave expression in a pattern most closely mimicking Yan in the eye disc as
well as in other tissues where Yan is detected including the embryo and brain. This
fragment was reduced to an 800 bp yan-J fragment that was also able to show the same
expression as yan-A in both the eye and brain. Further deletions led to a 122 bp yan-O
fragment which mirrored the β-galactosidase pattern seen in both yan-A and yan-J but
was eye specific (Figure 13). Subsequent deletions of yan-O did not show any
expression in the eye or other tissues indicating that the 122bps were the minimum
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required to activate yan transcription. The yan-O β-galactosidase staining was also
similar to the activity seen with yan p an enhancer trap line inserted within the yan gene
which drives β-galactosidase production in a manner similar to Yan’s expression pattern
in various tissues. In the third instar eye

Figure 13. β-galactosidase Activity Stains for yan-lacZ Reporter Constructs in
Third Instar Eye Discs.
(A) yanP homozygous fly used as a control for wildtype yan expression pattern. (B) AlacZ gives a pattern similar to yanP (C) and (D) J-lacZ and O-lacZ give comparable
patterns of expression as well. In all cases, β-galactosidase activity seems to lag behind
the MF as indicated by the red arrows. A-D all contain two copies of the reporter
construct. Anterior is to the left. This experiment done by E. Ramos.
disc, yanP drives a high level of β-galactosidase activity within all cells posterior to the
MF. This can be seen in figure 13a by the high intensity of blue in the yanP disc.
Comparison of yanP with yan-A, yan-J and yan-O indicates that all show a similar pattern
in all cells behind the furrow including differentiated cells (Figure 13). The staining
intensity is similar between yanP, yan-A and yan-J. yan-O activity seems weaker but the
pattern is consistent. The persistence of β-galactosidase activity in differentiating cells is
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most likely due to the stability of the protein. Lac-Z protein is not targeted for
degradation in the same manner as Yan and its turnover rate may allow it to be
maintained in recruited cells. This data indicated that the 122bp yan-O fragment was the
minimal enhancer element required to mimic Yan protein in the developing eye and was
specific for this expression pattern.
Closer examination of the yan-O fragment, however, indicated that perhaps it did
not fully represent Yan protein’s expression pattern. Yan is expressed in a very clear
stripe in most cells within the morphogenetic furrow (Figure 11). This expression is then
restricted posterior to the furrow to the basally located nuclei of undifferentiated cells.
The yan-O fragment activity appeared to lag behind Yan protein. Blue staining was
evident only behind the furrow. To clarify this point, a double labeling experiment using
Yan antibody and β-galactosidase (β-gal) activity was done (Figure 14). As can be seen
in Figure 14, Yan protein is clearly detectable within the MF and in front of the yan-O
activity. The same experiment was repeated with both yan-A and yan-J to see whether
their expression patterns may better match Yan protein. It was thought that perhaps there
was an activator element which lied outside of the 122bp fragment that allowed for
furrow expression. The yan-A fragment was the largest fragment which gave expression
in the eye similar to Yan or yanP. The level of β-gal activity seen in the eye disc from
yan-A fragments did appear to be stronger than yan-O and it was often difficult to tell
whether this activity was within or behind the furrow. Therefore, it seemed likely that if
there was another activator element needed for activity within the furrow that this
enhancer may be within yan-A. Based on the similar levels of staining, yan-J was also
used to see if the element may still be present within the 800 base pairs of this fragment
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which is significantly smaller than the 4.4 kilobase pairs of yan-A. Figure 14 shows that
the same pattern of activity is seen with both fragments as is seen in yan-O. Therefore,
although yan-A and yan-J appear to have a higher level of activity, the pattern is the same
with detection occurring behind the furrow.
This result indicated that the pattern of β-gal activity from all of our transgenes
lacked detection within the furrow. Examination of yanP indicated that its β-gal activity
may lie strictly behind the furrow as well (data not shown). This led us to question

Figure 14. yan-O is Sufficient to Specify yan Expression in the Developing Eye.
Double labeling experiments using Yan antibody (A-F) in combination with βgalactosidase activity (A-D) or in situ labeling of lacZ transcript (E-F). In A-D βgalactosidase activity is detected posterior to the MF and is not seen in cells positive for
Yan within the furrow. (D) is a closeup of the furrow region in the yan-O reporter. (E-F)
In situ data indicates that yan-O lacZ is sufficient to drive expression of theβgalactosidase transcript within Yan positive cells in the MF. (E) In situ labeling using the
sense strand probe for β-galactosidase. (F) Labeling of β-galactosidase transcript using
the anti-sense strand probe. In all panels anterior is to the left. The red arrow indicates
the location of the MF. In all panels two copies of the reporter construct were used. This
experiment done with E. Ramos.
whether it may not be an issue of driving lac-Z transcription within the furrow but rather
our method of detection. To gain a more clear answer to the question, a second double
labeling experiment was done using Yan antibody to define protein expression and in situ
hybridization to detect the presence of β-galactosidase transcript. Figure 14 shows both
the sense control and antisense staining for β-gal as driven by the yan-O enhancer. In
contrast to reporter activity, lac-Z mRNA is clearly detectable within the morphogenetic
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furrow. In fact, it appears to initially be seen in cells that lye one row ahead of where
Yan protein is seen. This result indicates that the yan-O fragment is sufficient to replicate
yan’s transcriptional pattern in the developing eye.
The contrast between the β-galactosidase in situ and activity data, highlights the
difference in sensitivity between these two methods. It is possible that there is a delay
between the transcription and translation of β-galactosidase protein. It is more likely that
in order for detection by X-gal activity to occur sufficient levels of protein must be
reached. This level may require accumulation of the protein to a certain amount making
detection lag a couple of rows behind the initiation of transcription. Previous work using
members of the enhancer of split complex of genes (E(spl)-complex) indicate that cisregulatory elements for these genes also fail to drive transcription within the
morphogenetic furrow when using β-galactosidase activity as the detection method
(Cooper et al., 2000). It may be possible that examining the mRNA in situ pattern driven
by these enhancers may indicate that they too are able to drive transcription within the
furrow the same as yan-O and it is just not being detected properly.
Having established the enhancer element responsible for Yan expression in the
eye, the second question addressed was how this fragment is able to regulate yan
transcription. The first approach taken to answer this question was to look at the
sequence of the fragment and try to identify any potential transcription factor binding
sites. Analysis of the yan-O sequence identified a number of different potential binding

54

Figure 15. Diagram of the 122bp yan-O Enhancer Sequence.
The yan-O sequence is presented and its structural motifs are highlighted. Below the
sequence is a schematic of the enhancer detailing its identified functional components.
Two putative insulator binding sites are marked in green. In blue are three Su(H)
recognition DNA binding sites. Two of these sites, S1 and S2, are alighned in a pattern
similar to that seen in many E(spl) complex genes (Su(H) Paired Domain Sites (SPS)).
Two ETS DNA binding sites are shown in purple. In yellow is a GAAACC/A repetative
element. In pink is an N-box recognition motif and in gray a Runt domain. Arrows
above Su(H) sites indicate established direction of binding site.
sites and regulatory elements. Figure 15 shows a schematic of this sequence detailing
each element and its orientation. There are two putative insulator binding sites shown in
green. In blue are three potential suppressor of hairless (Su(H)) binding sites S1, S2, and
S3. One of these Su(H) sites, S2, is flanked by two E-twenty six (ETS) binding sites seen
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in purple. Within the S2 and between it and the S1 site is a repeated DNA sequence
GAAAC. Lastly, there are overlapping N-box and Runt domain binding sites at the 3’
end of the enhancer. We investigated the functional significance of each of these
elements. As will be detailed below, we found that regulation of the yan-O enhancer is a
very complex process with each of these factors playing a role. Most significantly, the
Suppressor of Hairless binding sites are required for activation of the yan-O enhancer in
conjunction with the Notch signaling pathway. This activation is down-regulated by the
receptor tyrosine kinase pathway (RTK) possibly through direct competition for binding
of the ETS protein Pointed with the same site used by Su(H)/Nicd complex. Regulation
by these two major signaling pathways is modulated through the other elements within
the enhancer which will be detailed later. Taken together, this work details the level of
complexity that can be reached with a minimal enhancer and specifies how significant cis
located regulatory elements can be for guiding sub-portions of a gene’s overall
expression pattern.

4.2 Identification of a Novel Insulator
During the initial analysis of the yan-A fragment an interesting observation was
made. The fragment showed a directionality requirement for lac-Z expression. Only
when it was in the wild type orientation did it show any blue staining. In the reverse, βgalactosidase activity was lost in all tissues (see Figure 12 for orientation). Due to this,
all fragments subsequent to yan-A were inserted into the UAS-construct in the wild type
orientation. When the 122bp sequence was isolated two DNA binding sites were found
at the 5’ end which are similar to the core elements believed to be recognized by the
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protein responsible for the insulator capabilities of the gypsy retro-transposon (Figure
16).

Figure 16. Allignment of yan-O Insulator sites with the Su(Hw) Sites Found in the
Gypsy Insulator.
(A) Representations of the yan insulator sequence and the Gypsy sequence. In red in the
yan sequence are the two Su(Hw) like consensus sites. Underline in the Gypsy sequence
are the identified Su(Hw) consensus binding sites with sequence in red invariant. (B)
Alignment of the yan sites with the Su(Hw) consensus.
Insulators are boundary elements believed to be capable of preventing enhancers
from activating promoters when placed between the enhancer and promoter. It has been
demonstrated that enhancer elements can be capable of activating promoters from great
distances and may be either in front of or down stream of these promoters. It is thought
that insulators may help in maintaining the specificity of a particular enhancer by
preventing it from acting on an inappropriate promoter. At the same time, insulators have
also been implicated in protecting promoters and insuring that they are not subject to
inappropriate regulation by outside enhancers. Although the exact mechanism of action
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for an insulator is not clearly understood, it is believed that it does require the binding of
regulatory proteins which may help in altering the chromatin structure of the DNA thus
protecting a particular promoter/enhancer element.
Insulators have been identified in a number of species from yeast to mammals.
The gypsy insulator in Drosophila is one of the best studied. Previous work on the gypsy
retroposon shows that it contains twelve repeats of the consensus site for the Suppressor
of hairywing ( Su(Hw)) protein. Su(Hw) in complex with another protein, modifier of
mdg4 (Mod(mdg4)) together mediate the insulator capabilities of gypsy. Deletion
analysis of gypsy indicate the requirement for a minimal of four Su(Hw) repeats in order
to maintain insulator function. To this point, however, no one has been able to document
any combination of these repeats endogenous to the genome capable of maintaining
insulator function. This made the two potential Su(Hw) binding sites found within our
yan-O enhancer particularly interesting (Geyer, 1997; Gerasimova and Corces 2001).
As mentioned, initial analysis of the yan-A fragment indicated that it had an
orientation dependence for expression. The yan-O fragment was tested to see if it too had
this same orientation dependence. Indeed, when the yan-O fragment is inserted in the
reverse orientation expression within the eye is lost (Figure 17). The yan-O fragment is
located at the 5’ end of yan-A. Further, the Su(Hw) like binding sites are located at the 5’
end of the yan-O enhancer as can be seen in the yan-O schematic (Figure 15). Therefore,
it is possible that lack of expression from this enhancer when placed in the reverse
orientation for both yan-O and yan-A may be due to an insulator function provided by the
two Su(Hw) like binding sites. To further test this hypothesis, mutations were made
within these two sites in both the forward and reverse orientation. As can be seen, when
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Figure 17. Insulator Function Within yan Enhancer.
(A) Activity of yan-O enhancer in forward orientation. (B) Activity of yan-O enhancer in
the forward orientation does not change following mutation of the insulator sites. (C) βgalactosidase activity is lost when yan-O is inserted in the reversed orientation. (D)
Mutating the insulator sites regains activity in the reversed orientation. (A-D) Anterior is
to the left. Arrows indicate MF location. In all panels two copies of the reporter
construct were used. Experiment done by E. Ramos.
these sites are mutated in the forward orientation there is no change in yan-O expression
indicating that there does not appear to be any enhancer activity associated with these two
sites. In the reverse direction, however, β-galactosidase activity is regained indicating
that whatever is causing this enhancer to show orientation dependence requires that these
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two elements Su(Hw) like sites to be between the enhancer and promoter and they must
be in there wild type state (Figure 17). These results indicated that indeed these two
possible DNA binding elements were behaving like insulators. To test if this ability was
mediated by Su(Hw), the activity of the enhancer in the reverse orientation was tested in
both Su(Hw) and Mod(mdg4) mutant backgrounds to see if expression could be rescued.
There was no activity detected in any of the mutant backgrounds tested indicating that the
insulator activity for our binding elements is not mediated by Su(Hw) (Data not shown).
Therefore, further analysis is required to identify what element/s may be involved this
insulator function.

4.3 Notch/Su(H) Signaling is Essential for Activation of yan Gene Expression
One part of the yan-O sequence that was of particular interest to us was the
presence of the suppressor of hairless (Su(H)) like binding sites. The consensus sequence
for Su(H) binding is NRTGRGARSN (Nellesen et al., 1999). The sites within our
Enhancer element are ACGGTGAAAG for S1, ATCGGAAAC for S2 and
ATGGAGAAAA for S3. These potential DNA binding sites were of interest to us for a
couple of reasons. The first is that the way they are arranged is very similar to how
Su(H) binding sites are found in some enhancer of split complex genes (E(spl)).
Members of this complex are known targets of Notch signaling through their Su(H)
binding sites. In particular, mδ, mγ, mβ, m7 and m8 are all genes within this complex
who require Notch signaling mediated by their Su(H) binding sites for proper expression
within the developing eye disc (Ligoxygakis et al., 1998).
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A number of the E(spl)-complex genes including mδ, mγ, m3, m4, m7 and m8
contain Su(H) binding sites arranged in a particular manner called the Su(H) paired sites
(SPS) (Nellesen et al., 1999). This arrangement involves two binding sites for Su(H)
which are in inverted orientation to each other and separated by a hexamer sequence
GAAAGT. These SPS sites span about a 30 base pair region in each case (Bailey and
Posakony, 1995). This arrangement of the SPS elements within the E(spl) cis-enhancers
is conserved in the HES-1 gene, a mouse homolog of the E(spl)-complex genes (Bailey
and Posakony, 1995). We have a similar arrangement in the yan-O enhancer. In
particular, the S1 and S2 sites are arranged in the same inverted orientation and contain
two repeats of a GAAACC sequence between them. There is also a third GAAACA
sequence that lies partially between the two Su(H) binding sites and also partially
overlaps with the 3’ end of the S2 site (Figure 15). The similarity between our enhancer
and the conserved sites of the E(spl)-Complex enhancers led us to believe that there may
be a role for Su(H) in regulating the yan gene. One final point is that the E(spl- complex
genes do function as transcriptional repressors helping to mediate Notch’s inhibitory role
in eye development and thus are expressed in the basal nuclei of undifferentiated cells
like yan.
During photoreceptor specification, Notch signaling and Yan have very similar
roles. Both aid in maintaining cells in an undifferentiated state prior to inductive
signaling by the RTK pathway as mediated by DER activation. For Notch, this mainly
involves the inhibition of photoreceptor cell differentiation. Later, during non-neuronal
cell differentiation i.e. Cone cells, Notch has an inductive rather than inhibitory role. It
has been demonstrated that Notch’s inhibitory role is, at least in part, achieved through
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activation of the E(spl) genes by binding of the Su(H)-Nicd complex. It is possible that
Notch signaling may be affecting yan expression at this same time. In fact, both Notch
and yan mutant eye discs show an increase in photoreceptors. This common phenotype
indicates that there could be a link between these two genes genetically.
To further explore this idea, we looked at what effect reduction in Notch signaling
would have on adult eyes expressing a hypomorphic allele of yan. The yanP enhancer
trap line shows a slightly rough adult eye when homozygous. A rough eye is defined as
any phenotype within the eye that disrupts the regular ordered array of the ommatidium
and associated bristles. The change in the appearance of the eye from a smooth looking
wild type eye to the bumpier look of a mutant eye defines the term rough. Closer
analysis of an adult rough eye phenotype can be done by cutting thin sections along the
surface of the eye. These sections can then allow one to observe the individual cells of
each ommatidium to address what disruptions may be causing the rough eye appearance.
Normally, the cells within a wild type ommitidium show no disruptions. Sections taken
from a phenotypically wild type eye have disruptions less than 1% of the time detailing
the tight regulational organization of eye development (Lai and Rubin 1992).
In the case of yanP, sectioning of these eyes shows that approximately 20% of the
ommatidium are mutant in their number of photoreceptor cells. Normally, each
ommatidia contains eight photoreceptor cells. Based on their arrangement, however, only
seven should be visible in given section. This is due to the fact that the R7 and R8 cell
actually orient on top of each other. In the yanP mutant ommatidia there is an improper
number of photoreceptors with the majority of mutants showing more than seven in a
given section (Lai and Rubin, 1992). In contrast, reduction of Su(H) by one half in a
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yanP homozygous background leads to a doubling of the number of mutant ommatidia
(Figure 18). This increase was seen using using three separate alleles for Su(H) Su(H)SF8,
Su(H)AR9 and Su(H)del47. The Su(H)del47 allele showed the greatest enhancement which
corresponds to the fact that this is the only allele of the three shown to be a true null for
Su(H) indicating that the other two may have some low level of wild type activity. This
experiment indicated that in fact there was a genetic interaction between yan and Notch
signaling as mediated by suppressor of hairless. This experiment is supported by work
done by Rogge et al. 1995 which shows that loss of Notch protein levels can heighten the
percentage of mutant ommatidia seen in yanP adult eyes.

Figure 18. Su(H) Shows a Genetic Interaction with yan.
A chart to demonstrate the increase in mutant ommatidia detected in adult eye sections
from flies homozygous for yanP that have a 50% reduction in Su(H) activity. In yanP
homozygotes, 20% of the ommatidia are mutant. When Su(H) activity is reduced by 50%
the percentage of mutant ommatidia doubles to over 40%.
To investigate this interaction further, we looked at what affect Su(H) may have
on Yan expression. Considerable work has been done recently on Su(H) redefining its
role as a transcriptional regulator. Current data has demonstrated that in the absence of
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Notch signaling Su(H) may function as a repressor of transcription possibly in
conjunction with other corepressors. This left two possibilities for how Su(H) and yan
may be interacting. However, based on the similarity of the Yan and Notch mutant
phenotypes and the fact that a reduction in Su(H) caused an enhancement of the yanP
phenotype, we felt that in our case Su(H) was likely to be a positive regulator of yan
transcription. To test this, we first looked at Yan protein expression in a Su(H) mutant
background. Su(H)SF8/Su(H)AR9 third instar larval eye discs were stained for Yan (Figure
19). These flies are not completely lacking all Su(H) activity as is evident by the fact that
there is some neuronal differentiation occurring. This is shown using a neuronal marker
Elav in red which stains all photoreceptor cells. As can be seen, there is some positive

Figure 19. Su(H) is Required for Yan Protein Expression.
Double labeling experiments indicate that in Su(H) mutant eye discs Double labeling
experiments indicate that in Su(H) mutant eye discs Yan protein is not detected. Yan
protein is labeled green while Elav is labeled red. Elav is a neuronal marker labeling all
photoreceptor cells, it is indicative of morphogenetic furrow progression. Anterior is to
the left. Arrow indicates morphogenetic furrow location.
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staining for Elav in the Su(H) mutant eye discs although it is not consistent with wildtype
staining (Figure 19). By contrast, there is a complete lack of Yan protein in the mutant
discs (Figure 19). This lack of Yan staining indicates that Su(H) is required for Yan
protein expression.
The previous experiment indicated that indeed our hypothesis was correct.
However, due to the fact that neither the Su(H)SF8 or Su(H)AR9 alleles were true nulls for
Su(H) it seemed wise to take a second approach. Using the Su(H)del47 allele, we
conducted clonal analysis in eye discs. This experiment would allow us to look at cells
lacking all Su(H) and see what change if any this would cause in the level of Yan protein.
A second benefit to using a mosaic clonal approach is that we would be able to do this in
a wildtype background such that the discs are essentially normal unlike in the previous
experiment. Clones were negatively labeled using green fluorescent protein (GFP) as our
marker. As can be seen in figure 20, where cells lack GFP in green they also lack Yan in

Figure 20. Clonal Analysis of Su(H) Null Allele
Su(H)del47 mosaic clones were negatively labeled with green fluorescent protein (GFP).
The merged image shows that Su(H) is required for expression of Yan protein even
within the morphogenetic furrow. GFP is labeled green while Yan is red. Anterior is to
the left. The arrow indicates the location of the morphogenetic furrow.
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red. This clone is particularly interesting because its location lies both within and
posterior to the morphogenetic furrow. This experiment, using a true null allele for
Su(H), further proves that indeed Su(H) is required for Yan expression both within and
posterior to the furrow.
The work done to this point has clearly implicated that Su(H) is required for Yan
protein expression but has not linked this requirement to Notch signaling. Using a
temperature sensitive allele for Notch, we looked to see if loss of functional Notch
protein could also alter Yan’s expression pattern. Fly larvae were kept at the non-

Figure 21. Notch is Required for Yan Protein Expression.
(A) and (C) Yan antibody (A) or Elav antibody (C) staining of eye imaginal discs with a
Notch temperature sensitive mutation on Nts1. Flies were kept at 25C the permissive
temperature. (B) and (D) Yan antibody (B) or Elav (D) labeling of Nts1 males flies. Flies
were treated for 7 hours at 32C. Panel (B) indicates a loss of Yan protein expression
following loss of Notch function. Panel (C) and (D) are used as controls to indicate that
Notch function is indeed lost in these cells. (A-D) Anterior is to the left and arrow
indicates the morphogenetic furrow.
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permissive temperature for seven hours before their discs were examined for Yan
expression. Figure 21 shows a loss of Yan expression in Nts1 mutant discs after heat
treatment. A Nts1 mutant disc that did not undergo heat treatment is shown as a control.
As can be seen, only the heat treated disc shows a disruption in the Yan pattern. This is
most clearly seen within the morphogenetic furrow where Yan staining is completely
lost. Posterior to the furrow, there is some low level of Yan staining which is likely from
activation of the yan gene prior to the heat treatment. This residual staining may be
indicative of the fact that Notch signaling is required for initiation of Yan protein
expression but may not be entirely necessary for its maintenance. Elav staining of heattreated discs was done as a control to show the Notch mutant phenotype (Figure 21). As
can be seen, the level of photoreceptor differentiation close to the furrow is above that
seen in a wild type background. Also, Yan staining of heat treated wildtype discs was
done as a control to show that the loss of Yan expression in Notch mutant discs was
indeed due to a loss of Notch and not just from the heat treatment process (data not
shown).

4.4 Su(H) Appears to Directly Regulate yan Transcription
Up to this point, we have demonstrated a requirement for Notch signaling and
Su(H) for proper expression of Yan protein in developing third instar larval imaginal
discs. We then wanted to test if this requirement was mediated at the transcriptional level
through the Su(H) binding sites isolated in our 122bp yan-O enhancer. We first looked at
what affect loss of Su(H) would have on yan-O activity. Figure 22 shows transheterozygous eye discs mutant for Su(H) which carry one copy of the yan-O enhancer.
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As can be seen, expression is lost within the eye disc. The β-galactosidase activity
detected in the dorsal and ventral parts of the disc is activity stemming from a mini-white
gene within the Su(H)AR9 allele and serves as a positive control for activity. This data
indicates that indeed Su(H) is required for β-galactosidase expression driven by our
enhancer.

Figure 22. Notch Signaling is Required for yan-O lacZ Expression.
(A) yan-O lacZ reporter activity is lost in flies mutant for Su(H). In both panels, one
copy of the reporter construct was used. Anterior is to the left. Arrow indicated the
morphogenetic furrow. (B) Clonal analysis using Su(H)del47 mutant allele. In cells
homozygous mutant for Su(H) β-galactosidase antibody staining is lost indicating that
Su(H) is required for expression of β-galactosidase from the yan-O enhancer. Red
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indicates β-galactosidase protein, Su(H)del47 mutant cells are negatively labeled using
GFP in green. This experiment done with E. Ramos.
As before, we wanted to repeat this experiment using the null allele for Su(H). Figure 22
shows clonal analysis using the Su(H)del47 allele indicating a loss of β- galactosidase
protein in Su(H) mutant cells. Green fluorescent protein was again used tonegatively
label the clones. These experiments show that Su(H) is required for, expression of our
transgene but do not address if this requirement is mediated through the three potential
Su(H) protein binding sites found within the enhancer. Thus, to this point we have found
evidence to implicate both Su(H) and Notch as positive regulators of the yan gene. The
deletion analysis conducted using the yan genomic DNA indicates that all of the
information needed for yan transcription within the developing eye resides within the
yan-O enhancer. Therefore, it is reasonable to propose that the requirement for Notch
and Su(H) is due to the ability of the Su(H)/ Nicd transcriptional activation complex to
bind to the Su(H) DNA binding sites found within the yan-O enhancer thus activating
transcription. One way that this was addressed was to conduct an in vitro binding assay
using a GST-Su(H) fusion protein and oligos for each of our three potential binding sites.
Although this experiment did show binding between Su(H) and our potential sites, the
specificity of this binding was unclear.
Another method we took to answer this question was a transgenic approach.
Mutations were made in each of the three potential Su(H) binding sites and then their
effect on β-galactosidase transcription was measured through activity stains (Figure 23).
Mutations in S1 and S2 both resulted in complete loss of β-galactosidase activity.
Mutations in S3, however, did not lead to a significant reduction in activity. These
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results indicate that the Su(H) DNA binding sites associated with the SPS like DNA
binding motif are essential for activity of the yan-O enhancer. The S3 site may be able to
heighten the level of activation but clearly it is not required for transcriptional activity.
The initial transgenic analysis using the genomic DNA spanning the first exon of the yan
gene showed that only the A fragment had staining within eye discs consistent with Yan’s

Figure 23. Mutating the Su(H) Binding Sites in the yan-O Enhancer Disrupts
Reporter Expression.
This figure indicates that Su(H) DNA binding sites S1 and S2 are required for reporter
expression. (A) yan-O control showing reporter activity. (B) Mutation of the Su(H) S1
site results in complete loss of reporter activity. (C) Mutation of the Su(H) S2 site also
results in complete loss of reporter activity. (D) Mutation of the Su(H) S3 site results in
minimal loss of reporter activity. (A-D) Two copies of the reporter construct were used
in all panels. Anterior is to the left. Mutations are denoted as light blue. This
experiment was done by E. Ramos.
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expression pattern. This staining within the eye was narrowed down to the yan-O
fragment and we have shown that this fragment is sufficient to recapitulate the pattern
seen with Yan. Therefore, this experiment combined with the previous work using Notch
pathway components demonstrate that Notch signaling is required for transcriptional
activation of yan within the developing eye and this requirement is mediated through the
Su(H) binding sites found within the yan-O enhancer. This conclusion is significant
because it is the first time that the Notch pathway has been implicated in regulating yan
transcription. As mentioned before, considerable work has been on the regulation of Yan
protein and further studies have also focused on targets of Yan which mediate its
inhibitory affect. This example, however, is among the first to explain the mechanism for
how yan expression is initiated. Theses results also exhibit the importance of the
suppressor of hairless paired DNA binding sites. These sites have been identified within
the cis-regulatory enhancer elements of a number of E(spl)-complex genes. The E(spl)complex is the best characterized target of Notch signaling both within the developing
wing and eye imaginal discs. The fact that these complex genes share a similar binding
motif with yan is noteworthy. In the yan enhancer, our work indicates that this SPS site
is critical for Notch activation. In E(spl)-complex genes, the precise significance of these
sites is unclear. Notch signaling via Su(H) is required for activation of E(spl)-complex
genes however most cis-enhancers within the complex contain a number of potential
Su(H) binding sites and exactly which Su(H) DNA binding sites are responsible for the
activation is unclear. Still, the fact that this motif is shared between E(spl)-complex
genes and yan lends validity to the idea that yan is a target of Notch signaling.
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4.5 Role of a Hexamer Element in the yan Enhancer
The resemblance between the yan-O enhancer and E(spl)-complex gene’s SPS
sites is not restricted to the arrangement and spacing of the Su(H) DNA binding sites but
also relates to the intervening sequence. Within the majority of SPS sites of the E(spl)complex genes is a hexamer sequence GAAAGT or its reverse ACTTTC (Nellesen et al.,
1999). This sequence is nearly identical to the repeated hexamer sequence found
between the S1 and S2 sites of the yan-O enhancer (GAAACC). Based on this high
degree of similarity, we sought to find if there was a functional role for this DNA
sequence in the regulation of our enhancer. As figure 24 shows, when the two GAAACC
sites are mutated the β-galactosidase activity driven by this enhancer is lost. There is a
third GAAACA site that makes up a part of the S2 Su(H) binding site. It was not
mutated in this experiment because it had already been disrupted in the previous
transgenic experiment examining the Su(H) sites. Also, not mutating this hexamer
allowed us to leave all three Su(H) DNA binding sites in tact. This data reveals a need
for these hexamer repeats for proper regulation of the yan-O enhancer. Based on the
mutational analysis, it is reasonable to believe that these hexamer sequences may be
DNA binding targets for some as yet unidentified activation factor.
To test if these sequences are able to activate transcription a transgenic construct
was made using one copy of the yan-O SPS intervening sequence. This construct
contains all three copies of the repetitive element. As can be seen, the three hexamer
sequences alone do not appear to be able to activate transcription of β-galactosidase.
This result implies that if there is an element that binds to these DNA sequences it alone
does not make a strong activator. Interestingly, when a concatamer containing six copies
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Figure 24. Regulation of the yan-O Hexamer Motif.
(A-B) The yan Hexamer sequence is required for reporter expression. Mutating the
Hexamer sequence results in complete loss of β-galactosidase activity. (C-D) The 22bp
Hexamer sequence is able to activate lacZ reporter transcription. (C) One copy of the
Hexamer sequence does not activate transcription but six copies (D) shows a high level of
β-galactosidase activity after 10 minutes of staining with only one copy of the reporter
construct present. In all other experiments β-galactosidase activity staining were done
for 14-16 hours. (A-C) 2 copies of the reporter construct are present and staining is
overnight. (A-D) Anterior is to the left. This experiment done by E. Ramos.
of the intervening sequence was made there was a very high level of β-galactosidase
activity detected (Figure 24). This activity was no longer restricted to Yan protein’s
expression pattern but instead showed activity throughout the eye disc both behind and in
front of the morphogenetic furrow. Transgenic lines containing this construct also
showed activity within the developing brain (Data not shown). This result implies that
whatever element may be binding to this sequence seems to have a very general pattern
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of expression. The strong increase in staining when there were eighteen copies of the
hexamer versus when there were three may result from one of two things. It is possible
that the increase in number of hexamer sequences had an additive effect meaning that
with only three repeats there was not enough positive signal to activate transcription,
however, as the number of repeats increased so did the activation signal. It is thus
possible that if we looked at some intermediary number of repeats that we would see
activity but at a lower intensity or perhaps not in as broad an expression pattern. Another
thought is that there may be a threshold level that must be reached by this activator. In
such an example, three copies of the hexamer sequence may have been insufficient to
reach this threshold but eighteen copies may have met or surpassed this requirement. In
this case, decreasing the number of copies from eighteen to some lower number may or
may not show transcriptional activation depending on whether or not the required level of
activity had been reached. In either case, it is likely that the hexamer sequence found
within the yan-O fragment does serve as a DNA binding element for some transcriptional
activation protein. In our case, at least, this element does seem to be required for
activation of our enhancer but alone is not sufficient. It appears to be working in
combination with Notch signaling. The parallels between our hexamer sequences and
those found in E(spl)-complex genes indicates that the hexamers found within the
complex genes are likely to positively affect transcription as well. To date, the functional
importance of the hexamers found within the E(spl) enhancers has not been directly
studied. At this point, we do not know what may be binding to our hexamer sequences or
those found in the E(spl)-complex genes but based on our results it is likely to have a
broad pattern of expression and require co-activators for function.
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4.6 Using a Gain of Function Approach to Further Study the Effect of Notch/Su(H)
Signaling on yan Expression
The loss of function data demonstrates that the Notch pathway is a positive
regulator of yan transcription. Based on this data, it is reasonable to hypothesize that
overexpression of Notch pathway components would lead to an increase in reporter
activity. To test this, we overexpressed both Su(H) and an activated form of Notch

Figure 25.Overexpression of Notch Pathway Components Through Heat Induction
Leads to a Decrease in Reporter Activity.
(A-C) β-galactosidase activity using the yan-O 2.1 insertion on the second chromosome
is reduced following overexpression of the intracellular domain of Notch (Nintra) (B) or
Su(H) (C). (D-F) β-galactosidase activity driven by the yan-O 3.2 reporter construct on
the third chromosome is reduced following overexpression of Nintra of Su(H). (B, C, E,
F) Third instar larvae were heat treated for 2 hours at 37C prior to dissection. In all
panels anterior is to the left and activity represents expression driven by one copy of the
reporter.

75

encoding the intracellular domain through heat induction. Two separate transgenic lines
for the yan-O fragment were used for detection. Figure 25 shows that following two
hours of heat treatment at 37°C there is a decrease in the level of reporter activity as
compared to wild type. In these experiments, only a single copy of the transgene was
used. This result was surprising in that increased activation of the Notch pathway
seemed to lead to a decrease in yan-O reporter activity indicating that Notch was
inhibiting expression in some way. A third allele was overexpressed using heat induction
and this allele also lead to a reduction in β-galactosidase expression. This third allele was
a UAS driven transgene which encoded the Su(H) protein fused with the activation
domain VP16 from the herpes simplex virus (data not shown).
This construct is constituatively a transcriptional activator regardless of Notch’s signaling
upstream. A Gal4 driver containing a heat shock inducible promoter was used. It was
noted that some of the controls used indicated that heat treatment of the larvae alone also
could result in some decrease in β-galactosidase activity. This lead us to question our
results which were contradictory to those obtained in the loss of function experiments.
We thus decided to repeat the overexpression analysis using the Gal4UAS system rather
than heat treatment.
In order to repeat the overexpression analysis using the Gal4/UAS system a
suitable Gal4 driver needed to be used. The Glass Multiple Repeat (GMR)-Gal4 driver
was chosen based on its area of activation. This promoter contains multiple repeats for
the DNA binding protein Glass. Activation from this promoter drives expression of the
Gal4 protein in all cells within and posterior to the morphogenetic furrow. The similarity
between this expression and that of Yan protein made it an ideal candidate. Also, this
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driver is eye specific and thus overexpression of major signaling molecules such as Notch
using this driver will not lead to any phenotypes outside of the eye or lethality of the
larvae. We used this driver to over-express the intracellular domain of Notch. This
provides constitutive activation of Notch signaling because it is this intracellular domain
that forms the transcriptional activation complex with the Su(H) protein. Expression of
the UAS-Nintra construct using the GMR-Gal4 driver resulted in a reduction in yan-O
activity (Figure 26). Insertions of the Nintra construct on both the second and third
chromosome (data not shown) were used. Both gave the same result. The UASSu(H)vp16 construct was also driven by the GMR-GAL4 driver and it too had a reduction
in reporter activity. Two separate insertions were also used in this experiment. Figure 26
shows the data using the insertion on the second chromosome using one copy of the yanO 3.2 transgene as a reporter. Lastly, we used this Gal4 driver to express a dominant
negative form of Notch encoding just the extracellular domain of the protein (Necd). This
construct is able to bind to the Notch ligands (ie. Delta or Serrate) but does not have the
intercellular domain to send a positive signal to the nucleus. Expression of this dominant
negative form of Notch does not show a very striking effect. There are some instances
where it appears that discs may show an increase in the level of activity but for the most
part there is not any significant change (Figure 26).
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Figure 26. Overexpression of Notch Pathway Components Using the Gal4/UAS
System Results in a Reduction of Reporter Expression.
(A, E) Control using either yan-O 3.2 (A) or yan-O 2.1 (E) in single copy. (B-D)
Overexpression of Notch pathway components result in reduction of reporter activity as
compared to (A). In all three panels, the GMR-Gal4 driver was used for expression of
the UAS constructs. (F) Overexpression of Su(H)VP16 using an ey-Gal4 driver results in a
reduction of reporter activity as compared to (E). Using the ey-Gal4 driver also results in
severe morphological disruptions in the eye disc. (G-H) Loss of Notch function using the
Nts1 temperature sensitive allele does not alter reporter activity. (G) Nts1 heterozygous
females with one copy of the yan-O 3.2 reporter. (H) Nts1 males with one copy of the
reporter. Both panels represent staining after 7 hours at 32C. No discernable differences
are detected.
Further studies were done using these same Notch pathway constructs and other
eye specific Gal4 drivers. Eyeless-Gal4 (Ey-Gal4) was used to drive UAS-Su(H)vp16.
This Gal4 driver is active in all cells within the eye disc beginning early in development
with the initial stem cells used to make up the eye imaginal disc. Within these discs there
does appear to be some reduction in reporter expression. However, the morphology of
these discs are highly disrupted making it difficult for a clear assessment (Figure 26). We
concluded that using the Ey-Gal4 driver was inappropriate for what we wanted to
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measure because it activated the Notch pathway too early. We also used the sevenlessGal4 (Sev-Gal4) driver to express the Su(H)vp16, Nintra, and Necd constructs. Expression
driven by this driver is specific to developing cells within the eye except for
photoreceptors R8, R2 and R5 and thus activates expression later than GMR-Gal4 and in
less cells. The larvae from these crosses were not viable and we could not look at the
developing discs. The result would indicate that the Sev-Gal4 driver used was not eye
specific as expected and over-expression of Notch pathway components caused some
other effect in the developing fly. A final experiment involved disrupting Notch activity
using the temperature sensitive allele for Notch (Nts1) and seeing what change this may
have in yan-O reporter activity. Previous loss of function experiments using this Notch
mutant showed a reduction Yan protein expression. In this experiment, however, little
change was detected in yan-O reporter activity (Figure 26). This result is surprising but it
is possible that the stability of the β-galactosidase protein prevented any noticeable
change in transcriptional activity. It should also be noted that, when possible, the adult
eye phenotypes for each over-expression experiment were examined. The eye
phenotypes were as expected indicating that the Gal4UAS system was working properly
for each experiment (see Table 1).
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Table 1. Adult Eye Phenotype for Notch Overexpression Studies.
Genotype

Adult Eye Phenotype

GMR-Gal4 x yan-O 2.1; UAS-Nintra

rough eye, spotty pigment, no bristles

GMR-Gal4; yan-O 3.2 x UAS-Nintra

rough glassy eye, reduced pigment, no
bristles, eye size is slightly larger
rough glassy eye, slight reduction in
pigment, no bristles
rough glassy eye, reduced pigment, no
bristles, eye size is larger
rough eye, spotty pigment, short thickened
bristles, eye size is smaller

GMR-Gal4 x yan-O 2.1; UAS- Su(H)VP16
GMR-Gal4; yan-O 3.2 x UAS-Su(H)VP16
GMR-Gal4; yan-O 3.2 x UAS-NECD

In general, the over-expression studies using Notch pathway components indicate
that hyper-activation of this pathway causes a reduction in yan-O reporter activity. This
is contradictory to the loss-of-function data which also caused reduction or loss of
reporter activity. It seems very unlikely that the same pathway could both activate and
repress the same gene. One explanation for this can be found by taking a second look at
the yan-O enhancer. At the 3’ end of the enhancer is an N-box DNA binding motif. This
sequence is recognized by basic-helix loop helix repressor proteins including members of
the E(spl)-complex. It is possible that activation of the Notch pathway leads to an
increase in expression of E(spl)-complex genes within the eye. These genes may then be
able to bind to the N-box within our enhancer and down-regulate its transcription. To test
this, various members of the E(spl)-complex were over-expressed using the GMR-Gal4
driver. Table 2 provides a list of the genes used. The results indicate that, alone, none of
the E(spl)-complex proteins when expressed at higher levels are able to alter yan-O
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Table 2. Adult Eye Phenotypes for E(spl) Complex Genes Overexpression Studies.
Genotype
GMR-Gal4; yan-O 3.2 x
UAS-m7
GMR-Gal4; yan-O 3.2 x
UAS-m3
GMR-Gal4; yan-O 3.2 x
UAS-m8
GMR-Gal4; yan-O 3.2 x
UAS-m5
GMR-Gal4; yan-O 3.2 x
UAS-mγ
GMR-Gal4; yan-O 3.2 x
UAS-m7; UAS-m8

Adult Eye Phenotype
slight rough eye, distorted
bristles
rough eye, no bristles

yan-O 3.2 Activty
comparable to wild type

rough eye, no bristles,
slightly smaller eye
wild type

comparable to wild type
comparable to wild type

wild type

comparable to wild type

rough eye, distorted
thickened bristles

reduction in activity

comparable to wild type

reporter activity. In combination, however, two genes from the complex are able to
down-regulate transcription driven by the yan-O enhancer. When UAS-M7 and UAS-M8
are expressed using the GMR-Gal4 driver there is a clear reduction in the level of yan-O
activity (Figure 27). This poses an interesting twist to the regulation of our enhancer.
These results indicate that, although the Notch pathway is required for activation of yan
transcription, its activation of E(spl)-complex genes within the same cells results in some
level of reduction. The fact that it requires over-expression of two members of the
complex to see the reduction demonstrates that this is a rather low level of repression. It
is likely that binding of E(spl)-complex members to the N-box may serve to modulate the
level of Yan protein after activation. The high level of reduction seen using the Nintra or
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Figure 27. Overexpression of E(spl)Complex Genes Result in a Reduction of βgalactosidase Activity.
Overexpressing both UAS-E(spl)M7 and M8 together in the same fly using a GMR-Gal4
driver (B) results in a reduction of yan-O activity. One copy of the reporter was used.
Su(H)vp16 constructs is most likely due to the fact that in such a heightened level of Notch
signaling it is likely that a number of the E(spl)-complex genes were activated including
some that may not normally be expressed within the eye. Therefore, there was a greater
likelihood of a B-HLH repressor binding to the N-box and thus altering yan-O
expression. Analysis of E(spl)-complex genes show that a number of their cis-regulatory
enhancers also contain N-box motifs. Research has indicated that members of the
complex may be able to modulate either their own expression or that of other members
within the complex through these N-box binding sites. It is possible then that the same
modulation is occurring for yan.
Based on the above conclusion, it is possible that mutations within the N-box
would lead to an increase in reporter activity. Without the N-box, the E(spl)-complex
repressor proteins would not be able to bind and modulate expression. It is therefore
possible that if the N-box site is mutated we may see an increase in activity particularly if
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this transgenic line is expressed while the Notch pathway is constituatively activated. To
test this, we made mutations within the N-box. Unexpectedly, disrupting the N-box DNA
binding domain caused complete loss of reporter expression (Figure 28). This is in
contrast to the E(spl) data which would indicate that this DNA sequence serves an

Figure 28. Mutations in the N-box Motif of the 122bp Sequence Results in Loss of
Reporter Expression.
Panel B shows that mutations in the N-box sequence (light Pink) result in loss of βgalactosidase activity. Two copies of the reporter construct were used in each panel.
Experiment done with E. Ramos.
inhibitory role and is not required for activation. Reexamining the yan-O sequence again
provides a plausible explanation. Embedded within the N-box motif is a Runt protein
DNA binding site. The Runt site can be recognized by transcriptional activators such as
the protein Lozenge. Lozenge protein has been shown to be required for the specification
of later developing cells within the ommatidia including cone cells. Flies mutant for lz do
not express the positive regulators Bar, Prospero and D-Pax2 (Daga et al. 1996, Flores et
al. 2000, Xu et al. 2000). It has also been shown to be expressed in undifferentiating
cells similar to yan (Flores et al., 2000). We thought it possible that lz may be able to
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positively regulate yan transcription through the Runt domain. To test this, we used both
loss and gain of function analysis similar to what we used for Notch signaling.
Initially, we over-expressed Lozenge using a UAS construct and the GMR-Gal4
driver. Figure 29 shows that this increase in Lozenge protein had little effect on reporter
activity. This is not surprising based on our previous results. It is possible that Lozenge
is limited in its ability to activate transcription of yan. One limitation may be linked to
competition for DNA binding between Lozenge and E(spl)-complex proteins. The
E(spl)-complex may be able to bind to the N-box and thus disrupt Lozenge binding.
This, in fact, may be one way in which members of the E(spl)-complex are able to
modulate yan transcription by disrupting Lozenge’s ability to co-activate transcription.
Secondly, there are other protein binding sites within the enhancer that will be discussed
later that also serve to repress yan and thus may limit Lozenge’s activation capabilities.
Loss of function studies using Lozenge provided different results. In a lz mutant
background there was a loss of reporter expression (Figure 29). Two separate mutant

Figure 29. Lozenge is Required for Reporter Expression.
(A) Control using one copy of the yan-O lacZ reporter. (B) Overexpression of UAS-lz
using the GMR-Gal4 driver does not effect reporter activity. (C) lzr1 loss-of-function
mutant shows a complete loss of reporter expression indicating that lz is required for
proper yan-O lacZ transcription. (B,C) One copy of the yan-O construct was present.
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alleles were used and both showed a loss of reporter activity. When Yan protein was
studied in this same mutant background we did not see the same loss of expression.
There did seem to be some reduction in expression but nothing qualitatively significant
(Data not shown). These results implicate lz as a positive regulator of yan transcription.
The minimal effect on Yan protein seen in the lz mutants implies that it has only a
secondary role as an activator. The Lozenge protein likely serves as a coactivator
possibly in conjunction with Su(H) and the YHBP. It is possible that in the wildtype
situation Lozenge is not required to initiate yan transcription but may serve to help
maintain a certain level of activation particularly posterior to the furrow.

4.7 Negative Regulation of the yan Enhancer
Analysis of the yan-O fragment thus far has implicated the Notch pathway as a
positive regulator of yan transcription through two primary and one secondary Su(H)
recognition sites. This activation likely involves a coactivator with a rather general
expression pattern the YHBP. In consort with this activation complex, Lozenge is likely
able to aid in maintaining a certain level of transcriptional activity. This activation may
be in direct competition with repression by members of the E(spl)-complex. Lastly, the
two putative insulator sites found at the 5’ end of the enhancer may serve to buffer the
yan enhancer from outside influences. Therefore, to summarize, we have detailed a
mechanism to specifically activate yan transcription and maintain it at a certain level.
We have not, however, shown how the activity of this enhancer can be turned off. The
E(spl)-complex genes may be able to keep Yan protein at a certain level of expression but
it does not appear to be able to totally inactivate yan transcription. Previous work has
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shown that there is a specific mechanism to degrade Yan protein in order for cell
differentiation to occur. It is reasonable then that there must also be a system to stop
transcription of yan in these same differentiating cells. It is unlikely that the yan
transcript would continue to be transcribed in cells where Yan protein was already being
targeted for degradation. One plausible explanation may be linked to the mechanism
used to remove Yan protein from cells. As mentioned, activation of the receptor tyrosine
kinase (RTK) pathway leads to phosphorylation of Yan. This phosphorylation targets
Yan for degradation via the ubiquitin pathway. The RTK pathway is required for
proliferation and differentiation of developing tissues in a number of systems. In the
developing eye, it is one of the major positive regulators of cell recruitment particularly
for photoreceptor cells. This connection makes the RTK pathway a likely candidate to be
involved in disrupting yan transcription.
To test this hypothesis, overexpression studies using the Gal4UAS system were
again conducted. GMR-Gal4 is the driver that was used. All experiments were done
using one copy of the yan-O 3.2 transgene as our reporter. Initially, we looked at a
component of the RTK pathway whose function follows cell surface downstream
activation. Rasv12 is a constituatively activated form of Ras. This Ras has a valine
substituted for a glycine resulting in a protein that cannot hydrolyse GTP and is thus
permanently active. Figure 30 shows that over-expression of this construct leads to a
significant reduction in yan-O activity. Two separate insertion lines for Rasv12 were used
and both showed a similar decrease in activity. It is also important to note that the
morphological phenotype that can be seen in these discs is consistent with an increase in
RTK activity leading to some cellular over-proliferation.

86

Figure 30. Overexpression of RTK Pathway Components Causes a Reduction in
yan-O Expression.
(A) yan-O/+ control. (B) UAS-torDER expression driven by a GMR-Gal4 driver results
in reduction of β-galactosidase activity. (C) UAS-RasV12 expression driven by GMRGal4 causes a reduction in activity comparable to UAS-torDER. (D) UAS-DERDN also
leads to a reduction in activity when driven by GMR-Gal4. In this case the βgalactosidase activity detection lags behind the morphogenetic furrow seems to be
increase. (A-D) In all panels one copy of the reporter was used. Black arrows indicate
the morphogenetic furrow.
Next, we looked at an activated form of the Drosophila EGF receptor (DER),
whose activation on the cell surface leads to RTK activation. Expression of torDER
using the GMR-Gal4 driver showed a reduction in activity very similar to that seen using
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Rasv12 (Figure 30). Two separate insertion lines for torDER were used and showed
consistent results. We then looked to see if expression of a dominant negative form of
DER could result in some increase in reporter activity. This line showed a decrease in
yan-O activity and appeared to delay the initiation of expression (Figure 30). These
results are inconsistent with the other data collected. At this point it is unclear what this
data may mean. Considering the consistency between the Rasv12 and torDER data it does
seem that the RTK pathway is likely to be involved in down-regulating yan transcription.
The mechanism for this reduction in activity is unclear but may stem from two ETS DNA
binding sites found within the enhancer. During eye development, the RTK pathway is
not only involved in phosphorylating Yan causing its degradation it also activates the
proteins Pointed and Jun. Yan acts a repressor of jun and, when Yan is degraded, jun
transcription can be activated. Phosphorylation of Pointed allows it to regulate
transcription of target genes through binding to ETS sites found in their enhancer
elements. Within our enhancer we have ETS recognition sites but do not seem to have
any sites recognized by Jun. Therefore, if one of the proteins downstream of RTK
signaling is involved directly in stopping yan transcription, this protein is most likely
Pointed. The ETS sites in the yan-O enhancer share sequence with the Su(H) S2 site.
We have already shown that this site is essential for transcription driven by our enhancer.
It is possible, then, that the reduction in activity caused by the RTK pathway may be
mediated by Pointed through some disruption of Su(H) binding to the enhancer.
To address this idea, we conducted an in vitro binding assay using the S1, S2,
and S3 fragments and GST-fusion proteins for Su(H), Pointed and Yan. As can be seen
in figure 31, Pointed binds specifically to the S2 sequence. Yan, which is also an ETS

88

binding protein, shows the same specificity for the S2 oligo-nucleotide sequence.
Further, when Su(H) is bound to the S2 site both Pointed and Yan are able to disrupt this
binding and compete off Su(H) (only data for Pointed is shown). Lastly, when the ETS
binding sites within the S2 element are mutated, neither Pointed nor Yan are able to bind.
In this case, Su(H) appears to still be able to bind. As mentioned previously, the data
with Su(H) does give some conflicting results in terms of specificity. Beyond this,

Figure 31. ETS Proteins Compete with Su(H) for Binding to Sequences in the 122bp
Enhancer.
(A) Yan and Pointed specifically bind to the S2 oligo probe from the yan-O enhancer.
(B) Pnt is able to compete with Su(H) for binding to the S2 oligo. (C) Mutations in the
ETS recognition sequences within the S2 oligo probe prevent Yan and Pnt binding. This
experiment done by E. Ramos and D. Nguyen.

89

however, the Pointed and Yan data show that both of these proteins are able to
specifically bind to the S2 site in vitro and this binding is sufficient to compete away
Su(H). This lends support to our hypothesis that indeed reduction of yan transcription via
the RTK pathway may be mediated through direct binding of Pointed. Further, the work
shows that Yan may also be involved in altering its own transcription. This observation
is consistent with the E(spl) data that shows the possibility that some members of the
complex may be able to modulate their own or others in the complex’ s level of activity.
Similar to the situation with the S2 of yan, some of the Su(H) recognition sites within the
cis enhancers of E(spl)-complex genes share sequence with binding sites for BHLH
repressor proteins (Nellesen et al., 1999). Thus, in both cases the gene being transcribed
may be able to modulate its own level of activity by disrupting the binding of its positive
regulation complex.
To better clarify the potential roles for Yan and Pointed in regulating transcription
via the yan-O enhancer, more gain- and loss-of-function analysis was done. In the case
of Pointed, there are two isoforms of the protein present within the developing eye,
Ponted-P1 and Pointed-P2. Experiments using these two isoforms indicate that PointedP2 is the form that is phosphorylated by the RTK pathway and serves to channel the RTK
signal to activate transcription of target genes. Ponited-P2 has been implicated as a
transcriptional activator and, although some of its target genes may then go on to repress
the transcription of other genes, it has never been identified as a direct repressor (Klambt,
1993). The role for Pointed-P1 in the developing eye disc has not been identified. Some
more recent research has implicated Pointed as a transcriptional repressor and this
function may be specific to Pointed-P1. This work is still preliminary, however, and
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nothing definitive has been found (personal communication Baker, 2002). Within the
developing embryo, activation via the EGF receptor has been shown to activate
transcription of pointed-P1 while at the same time inactivating Yan (Gabay et al., 1996).
In this situation, Yan is responsible for repressing genes that are activated by Pointed-P1.
This work presents a situation in which these two proteins are in opposition. In our work,
both isoforms were individually over-expressed using the GMR-Gal4 driver. As can be
seen, Pointed-P1 shows a strong reduction in yan-O activity while Pointed –P2 shows no
effect (Figure 32). When pointed is mutated in the developing eye there is a strong
increase in the level of reporter activity (Figure 32). In the pointed trans-heterozygous
mutant background, the level of activity gained from one copy of the yan-O transgene is
almost equal to the level seen with two copies in a wild type background. In these
experiments, two combinations using three different mutant alleles for pointed were used
both showing comparable results. Another point is that expression driven by the yan-O
enhancer appears to be gained in other tissues outside of the eye in pointed mutants. In
particular, expression is seen in the developing brain that is unlikely to be merely from
background levels of β-galactosidase activity (Figure 32). The gain-of-function data for
Pointed-P1 combined with the loss-of-function data further support our hypothesis that
Pointed is involved in repressing yan transcription. This repression is likely initiated
through some activation of the RTK pathway. Our in vitro binding data does provide a
mechanism that may account for this repression however it does not rule out the
possibility that some other transcription factor may be involved downstream of Pointed.
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Figure 32. Regulation of the yan-O Enhancer by ETS Proteins.
(A) yan-O control using two copies of the reporter. (B) yan-O control using one copy of
the reporter. (C) Overexpression of PntP2 has minimal effect on reporter expression
when using a GMR driver and single copy of the report. (D) In contrast, expression of
UAS-PntP1 results in a strong reduction of reporter activity as compared to (B). (E)
Expression of a constituatively active form of Yan also results in a reduction in activity
(compare to B). (F) Loss-of-function studies using Pnt- show a strong increase in reporter
activity. The staining represents one copy of the reporter construct (compare to B) but
the level of activity is almost comparable to two copies of the reporter (A). (G) Loss of
Pnt- function also causes β-galactosidase activity to be detected in other larval tissues
including the brain and central nervous system (CNS). (H) Yan antibody staining in a pnt
loss of function background. (I) Yan antibody staining is reduced when pntP1 is
overexpressed using a UAS construct.
We further studied Pointed’s role in yan transcription by looking at what effect, if
any, disrupting Pointed expression may have on Yan protein. Figure 32 indicates that
Yan expression is not disrupted in a pointed mutant background. Again, two different
alleles for pointed were used. In contrast, when Pointed-P1 is over-expressed the level of
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Yan protein posterior to the furrow is severely reduced. This supports the data using the
yan-O reporter and further implicates Pointed-P1 as a repressor of yan transcription. It is
unclear why there is not any reduction seen within the furrow. This portion of the disc
has the highest level of Yan expression so perhaps there are other positive factors
involved to insure sufficient levels of the protein at this stage. It may be that these
coactivators may help to stabilize Su(H) binding to the S2 site blocking Pointed from
binding. The fact that no change in Yan expression was seen when Pointed levels were
reduced is not surprising. As mentioned, there does appear to be mechanisms involved
which are independent of Pointed that insure Yan protein levels are not too high (ie.
E(spl)-complex genes).
Lastly, we also looked at what affect overexpressing a constituatively activated
form of Yan would have on yan-O reporter activity. In this Yan construct, the RTK
phosphorylation sites have been mutated so that Yan is not targeted for degradation
properly. Figure 32 shows that in this case yan-O activity is reduced similar to what is
seen in the E(spl) over-expression experiments. This, combined with the in vitro binding
data implicates, Yan in regulating its own transcription.

4.8 Summary
To summarize, we have isolated an enhancer element responsible for the Yan
expression pattern detected in the developing eye. Analysis of the regulation of this
enhancer implicates two major signaling pathways. It also details a number of secondary
regulators which highlight the level of complexity that can exist even within a minimal
number of basepairs (Figure 33). The Notch pathway’s role in activating yan
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transcription has been supported through a number of experiments. In particular, the loss
of Notch or Su(H) protein both resulted in a reduction in Yan. In combination with this,
loss of Su(H) eliminated yan-O activity. Mutation of the Su(H) DNA binding sites
within the enhancer also resulted in a loss of activity. Lastly, Su(H) mutants are able to
enhance phenotypes observed when Yan function is reduced. This activation is in
conflict with the RTK pathway which represses transcription of yan. This was
demonstrated through over-expression of a number of RTK components. Also, in vitro
binding assays and loss of function data make Pointed-P1 a likely candidate to be the
direct repressor representing RTK signaling. We propose that Su(H) and Pointed
compete with each other for binding to the same DNA sequence. In this manner, the
transcription of yan is either activated or repressed depending on which factor is bound.
This mechanism is unique in that it demonstrates an integration point for Notch and RTK
signaling. It has been known that these two pathways have opposite roles in the
development of photoreceptor cells but a direct interaction between them has never been
detailed. Previous work has shown these pathways working in combination within a
particular enhancer to specify other cell types (Flores et al., 2000, Xu et al., 2000). In
cases where these two major pathways are in conflict, however, there has not been a
mechanism proposed to implicate direct competition between Notch and RTK within the
same enhancer. Our model demonstrates such a competition (Figure 33) and is the first
to do so.
Further, we also highlight a number of other elements found within the enhancer.
The putative insulators at the 5’ end of the enhancer do appear to have a functional role
based on the orientation dependence of the significantly larger yan-A fragment. Although
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we emphasize the Notch pathway in transcriptional activation of our enhancer, there do
appear to be other coactivators involved namely Lozenge and the YHBP. Mutations
within the binding sites for these two proteins eliminated yan-O activity. In the case of
Lozenge, we also saw a reduction in activity when this gene was mutated. We also have
provided evidence for refinement of the Yan expression pattern through modulation of

Figure 33. Model for Expression of yan in the Developing Eye.
Details of model are summarized in the text.
transcription via Yan and E(spl)-complex and protein. Over-expression studies using
these proteins demonstrated that they can reduce the level of yan-O transcription but not
block it. Combining all of these results makes the yan-O enhancer a good example to
exhibit the level of complexity that can be maintained even within the most minimal cisenhancer.
Considerable work has been done to isolate specific rules that can be applied
broadly to enhancer sequences. Analysis of enhancer sequences for different genes
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within the same organism have shown that the arrangement and spacing of certain DNA
binding motifs can be repeated. For example, we see a lot of similarities when
comparing our yan-O enhancer to the cis-enhancers for the E(spl)-complex genes. Also,
comparisons made between species have shown that some enhancer arrangements are
consistently maintained. In the case of the yan-O enhancer, comparisons between D.
melanogaster and D. pseudoobscura demonstrate that a significant amount of the
sequence has been conserved (Ramos, 2003). Researchers have sought to use these types
of commonalities to define specific ways that a particular transcription factor or a
combination of factors may interact with a variety of enhancers. We thought that perhaps
some of the information we learned using the yan enhancer could be applied to other
genes. Work from the labs of Posakony, Baker and Bray have all helped to specify how
the individual E(spl)-comlpex genes could be activated for transcription particularly
within the developing eye (Bailey and Posakony 1995, Cooper et al., 2000, Ligoxygakis
et al., 1998, Nellesen et al., 1999). There is no information, however, on how this
transcription is reduced. It is known that Notch signaling is required for the specification
of non-neuronal cone cells within the ommatidia and that this requirement is not
mediated through the E(spl)-complex (Flores et al., 2000). In fact, the members of this
complex when activated by Notch tend to serve as repressors and have been specifically
linked to Notch’s role as an inhibitor of differentiation in neuronal cells (Ligoxygakis et
al., 1998). Therefore, it is likely that there is some sort of mechanism to block activation
of E(spl)-complex genes from Notch signaling during the later stages of cell recruitment.
We made comparisons between the yan-O enhancer and the enhancers for a number of
the E(spl) genes. We found that many of them had ETS binding sites embedded within
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their Su(H) recognition sequences (Nellesen et al., 1999). Based on this parallel plus the
fact that both regulators are required in undifferentiated cells and do not appear to be
active later in eye development, we looked to see if the RTK pathway may disrupt
transcription of E(spl) genes in the same manner that it does yan. To test this, we used
the same over-expression approach to see how the RTK pathway may alter βgalactosidase activity driven by enhancers from two members of the complex. A 234bp
sequence encoding part of the E(spl)-mγ enhancer and a 279bp sequence encoding part of
the E(spl)-m4 enhancer were both placed upstream of a β-galactosidase reporter similar
to what was done for yan. These enhancers directed activity in the eye similar to the
normal expression pattern for these genes (Cooper et al., 2000, Nellesen et al., 1999).
We hypothesized that expressing the UAS-Rasv12 construct could lead to a reduction in
expression similar to that seen with yan-O. Figure 34 indicates that the results were
varied using these two enhancers. E(spl)-m4 does not appear to show any change when
compared to controls and E(spl)-mγ seems to show an increase in activity. Reviewed in
combination with the yan-O results, this data indicates that competition between Su(H)
and ETS proteins as a means to integrate the Notch and RTK pathways may not be as
generally applicable as we thought. It is possible that with some of the E(spl)-complex
genes there may be an interaction between the Notch and RTK pathways but this may not
be in the same antagonistic manner seen with yan. The results using the mγ enhancer
indicates that, at least in this case, there may be some synergy between these two
pathways. Therefore, despite sequence similarity, the mechanisms used to regulate the
yan gene versus E(spl)-complex genes seem to have some key differences. To conclude,
this work has defined a mechanism for regulating yan transcription in the developing eye.
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Portions of this mechanism may be shared with other genes whose expression pattern and
function parallel yan. It is also clear, however, that some of the interactions identified
from the enhancer may be specific to yan and are required to delineate its precise
expression pattern.

Figure 34. Overexpression of the RTK Pathway has Diverse Effects on the
Enhancer of Split Complex Members.
(A-B) Expression of UAS-RasV12 using the GMR-Gal4 driver cause a reduction in
reporter activity (A) 3.2 control (B) GMR-Gal4; 3.2 X UAS-RasV12. (C-D) Using one
copy of the E(spl) mγ-lacZ reporter construct (C) shows that expression of RasV12 causes
an apparent increase in β-galactosidase activity (D) mγ; UAS-RasV12 X GMR-Gal4. (E-F)
One copy of the E(spl) m4-lacZ reporter shows no change when expressed in
combination with RasV12 (E) m4 control (F) M4; UAS-RasV12 X GMR-Gal4.
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Chapter 5
Gp150 Introduction
The development of a functional multicellular organism requires the
differentiation of a multitude of cell types and the proper integration of these cells.
Development relies on discrete regulation of transforming proteins in a time and space
dependent manner. Interestingly, this coordination is often triggered by the same
common signaling pathways. In the case of Drosophila eye development, the same
pathways (i.e. Notch, RTK, Wg, Hh) were used repeatedly from initial specification of
the eye field to recruitment of cells into the ommatidia (see previous chapter). Beyond
the eye, these pathways are used from the very beginning points of fly development to the
specification of adult structures. One area where we see some of these same mechanisms
repeated is oogenesis. Throughout oogenesis, communication and integration between
somatic and germline cells is essential to prepare the oocyte for fertilization and
subsequent embryogenesis. The initial stages of embryonic development rely on proteins
whose transcripts are maternally loaded during oogenesis. Proper localization of these
transcripts lays the foundation to organize the Dorsal/Ventral and Anterior/Posterior axis
of the embryo (Ephrussi et al., 1991, Morgan et al., 1996, and Nilson et al., 1999). Many
of the pathways discussed earlier are activated in both the germline cells and in the
somatic follicle cells that surround them during oogenesis. Integration of these signals
and communication between the germline and follicle cells orients the polarity of the
oocyte. This organization is essential for the proper development of the organism. This
is one reason that studies in oogenesis are so critical. Further, oogenesis proceeds in a
sequential progression and requires a limited number of cell types allowing for easy

99

observation of the entire process in a single tissue. These factors make studies in the
ovary helpful in understanding the subtleties of these key molecules and signaling
pathways not only in regards to oocyte development but in the general development of
the whole organism.

Figure 35. Diagram of Drosophila Female Reproduction System.
(A) Diagram of the female ovary. Multiple ovarioles are joined to supply eggs to a
common oviduct. The ovarioles are held together by a layer of tissue called the
peritoneal sheath. (B) Diagram of a single ovariole indicating the stages of egg chamber
development from the germarium to an egg. Anterior is to the left.
5.1 Initial Formation of the Oocyte
The Drosophila ovary consists of approximately fifteen individual compartments
known as ovarioles. Each ovariole is capable of maintaining a constant production of
eggs (Figure35A). Egg formation begins at the most anterior portion of the ovariole and
proceeds posteriorly (Figure 35B) (King, 1970). The most anterior portion of the
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ovariole is known as the germarium (Figure 36A). The germarium can be broken down
into four regions. Region one, at the most anterior, contains the initial germline stem
cells. A single germline stem cell divides to give rise to two daughter cells, one of which
remains in the anterior of the germarium as a germ line cell for subsequent divisions.
The other daughter cell divides to give rise to a sixteen-cell cyst. Each division involves
incomplete cytokinesis such that at the end of the four divisions all sixteen cells are
connected via a series of channels known as cytoplasmic bridges or ring canals. The

Figure 36. Initiation of Egg Chambers Occur in the Anterior Most Part of the
Ovariole the Germarium.
(A) Diagram of a wildtype germarium. Region 1 contains the germline stem cells and is
the area where the sixteen cell germline cyst is formed. Passage through Region 2a
involves migration of follicle cells from the epithelium to surround the newly forming
egg chamber. Stage 1 in region 3 indicates a stage one egg chamber. (B) Formation of
the sixteen cell germline cyst in Region 1 of the germarium involves a series of
incomplete cell divisions resulting in cluster of sixteen cells that are all connected. One
of these cells will develop into an oocyte while the remaining germline cells will serve as
nurse cells.
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pattern of division is very precise leading to two cells within the cyst connected by four
ring canals, two cells by three, four cells by two and eight cells by one ring canal (Figure
36B) (Cooley et al., 1994; King, 1970, Spradling, 1993). Studies have demonstrated that
one of the two cells with four ring canals becomes the oocyte while the remaining fifteen
cells develop into nurse cells. This specification has been shown using early mRNA
markers that disproportionately accumulate in the oocyte very early in oogenesis. Within
the germarium, these markers, such as bicaudal-D (bic-D), accumulate in both cells
associated with four rings canals making it difficult to distinguish which one will become
the oocyte (Suter et al., 1991). A structure known as the fusome may help to answer this
question. The fusome is a part of the cytoplasm that is high in cytoskeletal proteins such
as α-spectrin. It associates with one pole of the mitotic spindle during cytokinesis and
appears to play a role in specifying the orientation and polarity of the cyst through its
unequal distribution within the cells (Cooley et al., 1994). As early as the first cystoblast
division, the fusome is preferentially segregated with a higher proportion in one daughter
cell versus the other. The unequal distribution is then maintained through the subsequent
three divisions so that in the final cyst, although both cells with four ring canals have
more fusome material then the remaining fourteen cystoblasts, one cell accumulates the
majority. It is hypothesized that this cell becomes the oocyte, thus oocyte specification
may occur as early as the first cystoblast division (Cooley et al., 1994; de Cuevas and
Spradling, 1998). Loss of function experiments using α-spectrin or the adducing-like huli tai shao (hts) protein, another component of the fusome, indicate that the fusome may
not only serve as a marker for the oocyte but be required for its proper specification.
When either of these two proteins are mutated the fusome does not form properly which
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causes the cyst not to complete its cell divisions and the oocyte is not specified. Thus,
the cytoskeletal components of the fusome are critical to specify and mark the beginnings
of the oocyte and its supporting nurse cells (Lin et al., 1994; Wodarz, 2002; Yue and
Spradling, 1992).
In region 2A of the germarium, the cyst has stopped mitotically dividing and
begins to reorient itself so that the two cells with oocyte potential are the center of the
cyst. At this point, follicle cells associated with the outer membrane of the germarium
begin to invaginate and envelop the cyst (Spradling, 1993). In region 2B, the cyst has
taken on an elliptical shape which nearly spans the width of the germarium and is
surrounded by follicle cells. The fourth region of the germarium, region three, contains
what is termed a stage one egg chamber (King, 1970). By this point, the germline cells
have rearranged themselves into a more circular shape. The oocyte can be found in its
final resting place at the posterior of the egg chamber. The germline cells are enveloped
by a monolayer of follicle cells. Stage one egg chambers mark the posterior end of the
germarium where they will be released into the second part of the ovariole known as the
vitellarium (Figure 36A) (Spradling, 1993).

5.2 Release of the Egg Chamber from the Germarium
The vitellarium is the general name for the remaining part of the ovariole. Within
the vitellarium, egg chambers progress through a series of stages to produce a mature
oocyte. As mentioned previously, the most posterior portion of the germarium contains
stage one egg chambers awaiting release into the vitellarium. Individual egg chambers
are marked upon release by the formation of specific follicle cells known as stalk cells.
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Stalk cells maintain separation of individual egg chambers throughout the vitellarium
giving the ovariole somewhat of a beads on a string appearance (Figure 35B) (King,
1970). Regulation of stalk cell differentiation is crucial for proper oocyte development.
Mutations which result in the loss of stalk cells result in fused egg chambers that contain
double the number of nurse cells and at times even two oocytes. Such eggs chambers fail
to reach maturity and can undergo necrosis at various points during oogenesis (Bender et
al., 1993, Kooh et al., 1993, Ruohola et al., 1991). Within the germarium, the stalk cells
are specified from a subgroup of progenitor cells. Two types of cell are specified from
this subgroup; the stalk cells and the polar cells. The polar cells are two cells found at the
anterior and posterior poles of the egg chamber. They play critical roles in regulating the
differentiation and patterning of the follicle cell epithelium throughout oogenesis
(Dobens and Raftery, 2000; Grammont and Irvine, 2002). Together, the pole cells and
stalk cells separate the individual egg chambers for release into the vitellarium. The
hedgehog (hh) gene has been associated with the differentiation of stalk and pole cells
(Tworoger et al., 1999). Hh signaling initiates the differentiation and division of these
cells from their precursors in region 2b of the germarium. These precursors are separate
from the precursors that will give rise to the epithelial follicles surrounding the egg
chamber. They will only give rise to the stalk and pole cells and then will cease dividing
within the germarium unlike the other follicles that continue to divide until stage 7 of
development within the vittellarium. Regulation by Hh requires the coordination of two
molecules within the follicle cells Patched and Cubitus interruptus (Forbes et al., 1996).
These signals only begin this process. The Notch pathway is also required for the final
differentiation of pole and stalk cells after initiation by Hh. Over expression of Notch
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leads to an increase in the number of stalk cell while loss of Notch function produces
fused egg chambers (Grammont and Irvine, 2002; Larkin et al., 1996; Larkin, 1999).
Thus, Notch appears to be required for the specification of stalk cells from the precursor
subset defined by Hh.

5.3 Development within the Vitellarium
Progression of individual egg chambers through oogenesis has been broken down
into fourteen stages. As mentioned previously, stage one egg chambers initiate in region
three of the germarium. As an egg chamber enters the vitellarium and forms stalk cells it
is considered to be in stage two (Spradling, 1993). At this point, the egg chamber is
circular in shape and remains that way until stage seven when it begins to elongate and
adopt the mature oocyte shape. Stages three to seven show little difference in their shape.
During these early stages the nuclei of the nurse cells become much larger than that of the
oocyte as these cells undergo multiple rounds of DNA replication without cell division.
It is not until the onset of vitellenogenesis at stage eight that the oocyte’s growth rate
begins to increase. By stage 9 the oocyte is about one third of the egg chamber and
continues to overtake the egg chamber. By stage 10 the oocyte is half of the egg chamber
and by stage thirteen the nurse cells have dumped their contents into the oocyte which
now fills the entire egg chamber (Figure 35B) (King, 1970).
While these changes are occurring within the germline, the somatic follicle cells
are also undergoing a series of changes. The follicle cells surrounding the egg chamber
divide mitotically until mid-oogenesis. By stage eight they stop dividing and proceed to
segregate into distinct types of follicle cells. Follicle cells that surround the oocyte
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change from a cuboidal shape to a columnar shape (Spradling, 1993). Durning stage 9-10
the majority of follicle cells migrate to cover the oocyte while a small number stretch to
cover the nurse cells taking on a squamous cell shape. Stages 9-10A are marked by a
cluster of 8-10 follicle cells that migrate from the anterior pole of the egg chamber
between the nurse cells to the anterior edge of the oocyte. This cluster of cells are known
as border cells. The border cells are specified by the pole cells at the posterior end of the
egg chamber. Each pole cell specifies 3-4 border cells and then the group of cells,
including the pole cells, migrate between the nurse cells to the oocyte (Figure 37)
(Grammont and Irvine, 2002; Lopez-Schier and St. Johnston, 2001). Experiments have
demonstrated that ectopic pole cells are able to specify additional border cells in the

Figure 37. Border Cell Migration and the Muture Egg.
(A) Schematic of border cell migration. Anterior Pole cells and border cells are labeled
in red, while the oocyte is black. The differences in the morphology between the
stretched follicle cells surrounding the nurse cells and columnar follicle cells covering the
oocyte are also distinguished in this figure. Anterior is to the left. (B) Diagram of a
mature egg. Exterior appendages are indicated. Anterior is to the right and dorsal is up.
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proper proportion solidifying there role in this process (Grammont, 2001). By the end of
stage 10, the border cells have reached their destination (Forbes et al., 1999, King, 1970).
At the same time as the border cells are reaching the oocyte, a second group of cells that
lie on the outer anterior edge of the oocyte will move in to the border cells and surround
the oocyte. During the final stages of oogenesis, stages 13-14, it is the follicle cells
surrounding the oocyte which will secrete the egg shell and other exterior appendages
associated with a mature egg (Figure 37A and 37B) (King, 1970; Spradling, 1993).

5.4 Signaling Molecules and Markers used During Oogenesis
The changes that occur in both the germline and somatic cells require tight
regulation. Disruption of the egg chamber organization can have highly detrimental
effects. There are a number of different signaling molecules used to ensure that the
proper anterior/posterior and dorsal/ventral polarity of the egg chamber is maintained.
As mentioned, this is very important because a lot of the changes that happen during
oogenesis are necessary to set the egg up for proper embryonic development (reviewed in
Deng and Bownes, 1998; Dobbens and Raftery, 2000; Nilson and Schupbach, 1999).
Exactly how the Anterior/Posterior or Dorsal/Ventral axis are specified is not fully
determined but the major hurdles that must take place have been defined. For example,
posterior localization of the oocyte is one of the first critical steps. This process relies in
part on a high level of shotgun expression within the posterior follicle cells and the
oocyte. shotgun encodes the membrane bound adhesion molecule dE-cadherin. High
levels of dE-cadherin in both the oocyte and posterior follicle cells promotes interaction
between these cells and thus positioning of the oocyte (Godt and Tepass, 1998; Gonzalez-
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Reyes and St. Johnston, 1998). Localization of various mRNA transcripts within the
oocyte is another crucial part of oogenesis. For example, bicoid mRNA is localized to
the anterior of the oocyte in late oogenesis while both oskar and nanos mRNA’s are
found at the posterior of the oocyte (Berleth et al., 1998, Ephrussi et al., 1991).
One of the major signaling pathways involved in organizing the polarity of the
oocyte is the RTK pathway. Gurken, a protein associated with the oocyte nucleus, is the
ligand used to activate the EGF receptor, Torpedo, found on follicle cells. During
midoogenesis, Gurken is localized to the posterior pole of the oocyte where it activates
follicle cells to induce posterior cell fate (Ruohola et al., 1991). This fate is marked by
expression of PntP1 a downstream target of EGF signaling that is involved in negatively
regulating this pathway (Morimoto et al., 1996). Differentiation in the follicle cells is
important in maintaining the A/P axis of the egg. Later in oogenesis, these posterior
follicle cells signal back to the oocyte to induce a change in the polarity of its
microtubule network. This shift in the oocyte cytoskeleton causes the nucleus and the
Gurken ligand associated with it to shift to the dorsal-anterior of the oocyte. Once there,
Gurken activates the EGF receptor in a second set of localized follicle cells. This
signaling helps in the dorsalization of these cells and is required for proper establishment
of the Dorsal/Ventral axis of the egg. Establishment of this axis is essential for the
proper secretion of the egg chorion and the formation of the egg structures such as the
dorsal appendages (Eeden and Johnston, 1999; Morgan et al., 1996; Nilson and
Schupbach, 1999).
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5.5 Follicle Cell Patterning
Another point to discuss is that oogenesis requires extensive interaction between
the germline and somatic cells. Signals arising from follicle cells are required by the
germline to induce nurse cell dumping, localize particular molecules within the egg
chamber and for proper positioning of germline nuclei. Conversely, signals received by
the follicle cells from the germline establish differentiation of posterior versus anterior
and dorsal versus ventral cell types. This communication relies on the correct positioning
of follicle cell subpopulations to insure that the proper cells receive and react to a
particular message. Thus, proper cellular orientation as well as cell number is essential
for appropriate signaling between germline and somatic cells and hence for oogenesis.
One pathway that is key in controlling the patterning of the follicle cells is the
Notch pathway. Notch has been demonstrated to be required for the differentiation of the
majority of follicle cell types. Initially in the germarium, the follicle cell precursors are
split into two sets. As mentioned, the Notch pathway is required for differentiation of the
stalk and pole cells from one of those sets (Larkin et al., 1996; Tworoger et al., 1999).
The second set specifies the follicle cells that will cover the egg chamber. These
epithelial follicle cells will divide until stage 6 of oogenesis. At this point there is a shift
in these cells from a mitotic cycle to an endoreplication cycle (endocycle). This
endocycle stage is followed by differentiation of these cells into specific subpopulations
(Figure 38) (Deng et al., 2001). Adjacent to the anterior pole cells are the border cells
that will migrate through the nurse cells to the oocyte. The stretched cells are a small
population that remains to cover the nurse cells in the second half of oogenesis. The
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majority of follicle cells are central cells which are those that migrate to cover the oocyte.
Branching

Figure 38. Follicular Patterning During Oogenesis.
(A) Diagram indicating when follicle cease dividing. Stage 1-7 follicle cells undergo
mitosis. During stage 7 to mature eggs, the follicle cells cease to divide and enter an
endocycle stage where they continue to replicate their DNA but do not enter the M phase
of the cell cycle. During the endocycle stage, the sub-population of follicle cells required
for proper development differentiation. Anterior is to the left. (Adapted from Deng et al.,
2001). (B) Schematic indicating the various sub-populations of follicle cells required in
oogenesis Stalk cells (light blue), pole cells (red), border cells (green), stretched or
squamous cells (purple), centripetal cells (dark blue), central cells (gray) and the posterior
terminal cells (black). Anterior is to the left. (Adapted from Grammont and Irvine,
2002).
from the central cells are the centripetal cells that invaginate at the dorsal and ventral
margins of the oocyte to cover its anterior end. Lastly are the posterior terminal cells.
These cells are on either side of the posterior pole cells and are those cells responsible for
responding to the Gurken signal from the oocyte to set up the Anterior/Posterior axis
(Dobens and Raftery, 2000; Grammont and Irvine, 2002).
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Following Notch’s initial role for the release of the stage one egg chamber, Notch
has been shown to be required either directly or indirectly at other points involving the
epithelial follicle cells. The most interesting point is in the regulation of the endocycle
stage. Notch has been shown to be required for entry into the endocycle. When follicle
cells are mutant for Notch or when the adjacent germline cells are mutant for Delta the
follicle cells continue to divide beyond stage 6. Further investigation demonstrated that
this control is mediated by targeting the cell cycle regulator string (Deng et al., 2001). It
is interesting to note that during stage 6 Notch protein is targeted to apical side of the
follicle cells closest to the nurse cells. This supports the observation that signaling by
Delta in the germline is required to activate Notch and thus regulate the shift to the
endocycle stage ( Lopez-Schier and St. Johnston, 2001). Based on this role for Notch, it
has an indirect effect on all of the subsequent follicle cell types as improper regulation of
cell division will disrupt the patterning of the follicle cells and their communication with
the germline. A more direct requirement for Notch in the differentiation of the various
follicle cell fates has also been shown. This requirement utilizes many of the common
components of the Notch pathway including Su(H), H and Delta. Exactly what the
targets of this pathway are for differentiation is not entirely clear. It has been shown that
activation of the e(spl)-complex is not required for differentiation (Lopez-Schier and St.
Johnston, 2001; Tworoger et al 1999). A final point that implicates Notch in the
patterning of the follicle cells is its role in specifying the anterior and posterior pole cells.
These cells are critical to maintain the Anterior/Posterior axis of the oocyte. Posterior
pole cells are required for the proper specification of the terminal posterior cells. Loss of
these cells can lead to improper localization of the oocyte and subsequent necrosis of the
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egg chamber. The anterior pole cells not only specify the border cells but have also been
implicated in the differentiation of the stretched cells as well as the centripetal cells.
These examples thus provide another indirect link between Notch signaling and follicle
patterning (Grammont and Irvine, 2002; Lopez-Schier and St. Johnston, 2001; Tworoger
et al 1999).

5.6 Gp150 Protein
The gp150 gene described here was initially identified in our laboratory based on
a rough eye phenotype seen in homozygous mutant adults. These mutants also exhibit an
abnormal bristle phenotype. Two mutants alleles, gp1501 and gp1502, were identified
from a screen of random P-element insertions. When these alleles were examined more
closely it was found that the P-element no longer remained in the locus responsible for
the adult mutations. Thus, the mutations are most likely the result of an imprecise
excision of the P-element. Further analysis showed that these two alleles had the same
mutation. A deletion of 1,305 bp. covering part of exon 5 and into exon 6 causes the
prescence of a stop codon at amino acid position 623. Western analysis shows that this
mutation causes a truncated form of the protein to be expressed that is nonfunctional (Li
et al., 2003) In order to generate additional mutant alleles, our lab conducted an EMS
mutagenesis screen. Two mutant alleles, gp1503 and gp1504, were isolated that failed to
complement gp1501 and gp1502. Sequence analysis of these alleles showed that gp1503
has no muataion in its open reading frame but gp1504 had a single amino acid
substitution that changed the codon for Tryptophan 94 to a stop codon (Fetchko et al.,
2002).
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Gp150 was originally isolated as a protein capable of interacting with the
cytoplasmic domain of DPTP10D, a receptor protein tyrosine phosphatase. DPTD10D is
expressed in the developing central nervous system and has been linked to axon guidance
(Tian et al., 1994). A role for Gp150 in axon guidance has not been demonstrated in
vivo. The Gp150 protein has a single pass transmembrane motif. The extracellular
portion is marked by eighteen leucine-rich repeats (LRR) (Tian et al., 1994). Studies
have shown that the extracellular portion of Gp150 is essential for its function (Dhulkotia
et al., 2000). The cytoplasmic domain contains four tyrosine residues arranged in a
similar way to vertebrate immunoreceptor family tyrosine-based activation motifs
(ITAMS). When phosphorylated, ITAMS have been shown to bind SH2 domains and
activate subsequent signaling cascades. Further, in vitro studies showed that Gp150 is
capable of serving as a substrate for DPTP10D (Fashena et al., 1997). The significance
of Gp150-DPTP10D interaction in development is unclear (Figure 39).
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Figure 39. Schematic of Gp150 Protein.
Figure indicates the composition of the Gp150 protein. (Adapted from Fetchko, 2002).
The presence of LRR motifs in the extracellular domain suggests some interesting
possibilities for potential in vivo roles of this protein. LRR’s are found in a number of
different proteins in both vertebrates and invertebrates. The number of repeats varies as
does the length of individual repeats. Proteins containing LRR’s are often associated
with cellular adhesion, signal transduction and many other processes (Kobe et al., 1994).
In Drosophila, there are a number of LRR proteins crucial for proper development. Toll,
a cell adhesion protein, contains 19 LRR’s (Kobe et al., 1994). Other LRR proteins in
Drosophila include Slit, Connectin, Chaoptin and Flightless. During development these
proteins mediate embryonic CNS development, proper neuromuscular connections,
photoreceptor morphogenesis and indirect flight muscle development respectively
(Claudianos et al., 1995; Meadows et al., 1994; Reinke et al., 1988; Rothberg et al.,
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1988; Rothberg et al., 1990; Vactor et al., 1988). Studies comparing the gp150 gene of
Drosophila melanogaster and Drosophila virilis show a high degree of conservation
between these two species. Further, Gp150 shows a similar expression pattern in
embryos and eye discs in both organisms (Dhulkotia et al., 2000). Taking these points
together lends support to the idea that Gp150 plays a role during Drosophila
development.
Consistent with a role in eye development, Gp150 is normally expressed at high
levels in the morphogentic furrow. This expression is reduced posterior to the furrow to
cells surrounding the ommatidial clusters in the developing eye (Fetchko, 2002). Gp150
expression was also detected in developing embryos. This expression is very dynamic
occurring in many stages throughout embryogenesis where morphogenetic movements
are occurring (Dhulkotia et al., 2000; Fetchko, 2002). The localization of Gp150 within
the cell was looked at using confocal microscopy in eye imaginal discs and in S2 cell
culture. Gp150 was not detected on the cell membrane or in the nucleus. It was seen to
be localized to large intracellular vesicles that are likely endosomes (Fetchko et al., 2002;
Li et al., 2003). Western analysis of protein extracts from third instar eye discs of wild
type and mutant larva allowed for further characterization of the mutant alleles. In wild
type eye discs, a single band was detected at 150KD. Gp1502 produces a truncated form
of the protein that runs at about 90KD. Gp1503 and gp1504 both produce no detectable
protein product, and gp150P8 allele gives reduced expression of Gp150 (Fetchko et al.,
2002).
Closer examination of the mutant phenotypes in the eye showed that the
underlying pattern of ommatidia was disorganized, with a significant percent of
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ommatidia containing an improper number of photoreceptor cells (Fetchko et al., 2002).
The disruption was traced back to the first cell of the ommatidia, the R8 photoreceptor
neuron. Just posterior to the furrow, individual R8 cells are specified and serve to initiate
recruitment of the remaining cells of the ommatida in a sequential fashion (Wolf et al.,
1993). In Gp150 mutants, the spacing of R8 cells are perturbed. Multiple R8 cells can be
found in some ommatidia. The number of R8 cells in gp150 mutant eye discs is slightly
higher than wild type. Mutational analysis has shown that Gp150 is not only required for
eye development but is involved in proper wing and sensory organ specification as well
(Fetchko et al., 2002).
Further studies have elucidated a role for Gp150 in the regulation of Notch
signaling. Loss of function studies of gp150 in developing eyes show a genetic
interaction between gp150 with N and its ligand Dl. Colocalization studies have also
shown that Gp150 and Dl are coexpressed in cellular endosomes. Also, in a gp150
mutant background, the expression of N and Dl is raised within and posterior to the
furrow (Fetchko et al., 2002). Work using another regulator of the Notch pathway
scabrous (sca) indicates that it likely works in combination with gp150. Sca or Gp150
when heterozygous are able to suppress the phenotype seen using a particular Notch
mutant allele Nspl. This mutant activates Notch in cells where N signaling is normally not
present. Thus, suppression of this phenotype indicates that Sca and Gp150 are needed to
support the N signal. Also, the phenotypes observed when either Sca or Gp150 are
mutant are the very similar to the phenotypes seen when both are mutant. This data
indicates that both work within the same pathway. Studies using overexpression
constructs for either Sca or Gp150 indicate that Gp150 is required for Sca function but
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not vice versa. Also, Gp150 is needed to sustain Sca in endosomes and the two work
cooperatively to regulate Notch within the cell. This regulation has been shown to be
dependent on Dl ligand binding to Notch. A model has been proposed in which,
following ligand binding, Gp150 and Sca are needed to maintain activation of the N
signal in a particular cell. How this is done is unclear. One possibility is that Gp150 and
Sca are able to help in activating Notch in vesicles within the cell. A second thought is
that Sca and Gp150 may work to keep the levels of Notch receptor on the membrane at a
minimum. Studies have shown that the Notch receptor can inactivate itself through cisinteraction on the same cell. Thus, Gp150 and Sca may help to inhibit this (Fetchko,
2002; Li et al., 2003). In either case, Gp150 and Sca are believed to be required for the
maintenance of the Notch signal within a particular cell.
Another phenotype associated with Gp150 mutants is a decrease in fertility. It is
this issue that is investigated in this work. Due to the fact that oogenesis, like eye
development, requires precise patterning of cells for the formation of a mature oocyte and
that many signaling pathways are shared among different areas of development, it is
possible that this fertility phenotype is indicative of a role for Gp150 in oogenesis.
Studies in the ovary may also help to further elucidate Gp150’s role in regulating Notch.
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Chapter 6
Gp150 Results and Discussion:
6.1 The gp150 gene is Required for Fertility
As mentioned, loss of function mutations in the gp150 locus not only cause
defective eye and bristle development, but also reduce viability and fertility. To further
investigate the fertility phenotype, gp1502/gp1503 flies were mated to wildtype flies and
their ability to produce offspring was examined. The gp1502 allele is caused by a Pelement imprecise excision that results in both a deletion and the creation of a stop codon.
The gp1503 allele was generated in an EMS mutagenesis but shows no defect within the
open reading frame (Fetchko, 2002). Using the combination of independent alleles
reduces the likelihood that the phenotype observed stems from other mutations on the
second chromosome. Also, the double trans-heterozygous mutants are healthier and
more viable than homozygotes of either allele. Individual mutant flies were crossed with
multiple wild type flies of opposite sex. Ten crosses were initiated for each genotype.
Results from this experiment show that the gp1502/gp1503 mutant females produce no
progeny. Under the same conditions, wild type flies produce progeny as expected. A
laying chamber was set up mating virgin mutant females to wild type males. This
chamber as well as ten more crosses using single females to wild type males determined
that gp1502/gp1503 mutant females couldn't lay eggs (Table 1). Following this study, it
was observed that homozygous gp1504/gp1504 flies were able to lay a minimal number of
eggs as compared to the zero amount produced in the previous experiment. These eggs
were not wild type in appearance. They were much smaller than wild type eggs. They
appeared to have a shortened anterior/posterior axis. The dorsal appendages were also
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mutant in that they were shorter and slightly wider (data not shown). These eggs did not
seem to be fertilized as they remained white and did not enter even the initial stages of
embyogenesis.
Table 3. Summary of the Fertility Studies Showing that gp1502/gp1503 Females are
Infertile.

Ten examples for each cross are provided, the total number of progeny collected from
each cross is displayed. The mean and standard deviation were calculated from all
crosses made for each genotype (20 gp1502/gp1503 single female crosses and 30 for
mutant and wild type single males). When calculating the crosses only flies that
produced progeny were used.
Crosses using individual mutant males demonstrate that about fifty percent of
those males tested failed to fertilize wild type virgin females and hence did not produce
progeny in numbers comparable to wild type males. Due to the fact that the mutant flies
are not as robust as wild type, it is possible that part of the sterility can be attributed to a
general weakness of the fly that may inhibit its ability to mate. For example, five of the
fifteen mutant flies that failed to produce progeny died during the cross as compared to
one wild type male which died and did not produce progeny. Further investigation of the
male reproductive system would be required to better describe the apparent high number
of sterile males. Work described here is focused on the role of the gp150 gene during
oogenisis.
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6.2 The gp150 gene is Dynamically Expressed During Oogenesis
Before characterizing the fertility phenotype further, it was necessary to establish
that Gp150 was specifically expressed within the ovary. Two enhancer trap lines, P8
and P15, have been produced in our lab which contain a P transposon inserted in the
gp150 gene. Both were demonstrated to be mutant alleles for gp150 in the developing
eye but the phenotypes exibited were mild (Fetchko, 2002). In both lines expression of
the β-galactosidase reporter in embryos and eye discs are similar to that seen with the
Gp150 protein (Fetchko et al., 2002; Fetchko unpublished data). Examination of the βgalactosidase activity for P8 and P15 in the ovary shows staining at the anterior tip of the
germarium. This is indicative of a possible role for Gp150 in the initial stages of cyst
development (Figure 40). This region of the germarium is known as the terminal
filament. It is involved in regulating the stem cells for both the follicle and germline
cells (Dobens and Raftery, 2000). Staining was also seen in early egg chambers with an
increase in intensity in stages five to seven. Following stage 7 the β-gal activity appears
to fade out but appears again as the oocyte reaches maturity (Figure 40). The increase in
activity beginning at stage 5 coincides with the point where the epithelial follicle cells
cease to divide and begin to differentiate into their subpopulations (Deng et al., 2001).
Therefore, it is possible that Gp150 may play a role in regulating this phase of oogenesis.
In P15 flies, migrating border cells as well centripetally moving follicle cells can be seen
in stage 9 and 10 egg chambers (Figure 40). This staining in specific subpopulations of
cells later in oogenesis supports the idea that Gp150 may be regulating the specification
of follicle cell types. The fact that both cell types labeled are migratory populations may
hint to another possible role for Gp150. Perhaps, it is required for cell movement within
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the developing oocyte. Closer examination of individual egg chambers showed that βgalactosidase activity was detected within the follicle cells on the surface of the egg
chamber (Figure 40). Similar specificity is not seen in germline cells (data not shown).
This observation increases the likelihood that Gp150 is functioning in the soma and not
the germline during oogenesis.

Figure 40. Gp150 Expression Pattern as Defined by Enhancer Trap Activity.
Two enhancer trap lines P8 an P15, inserted into the gp150 gene were stained for βgalactosidase activity in the ovary. (A) Ovariole from a homozygous P8 fly, βgalactosidase activity is detected within the germarium and in a stage 6 egg chamber.
Anterior is to the left. (B) Surface of a mid-stage P8 homozygous egg chamber showing
Activity staining specifically in the follicle cells. (C) Stage 9 egg chamber from a P15
heterozygous fly showing activity in the centripetally migrating follicle cells at the
anterior border between the oocyte and nurse cells. Anterior is to the left.
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Based on the staining patterns seen using the enhancer trap lines, wild type
ovaries were stained using a polyclonal antibody directed to amino acids 5-192 of the
Gp150 protein (Fetchko et al., 2002). Using a fluorescently tagged secondary antibody,
staining was detected in all follicle cells surrounding the egg chambers (Figure 41).
Gp150 expression was detected as early as region two of the germarium when
invaginating follicle cells first envelop the germline sixteen-cell cyst (Spradling, 1993)
(Figure 41). The expression is maintained throughout oogenesis to mature oocytes
(Figure 41). The apparent up regulation at stage 5 seen in the P-element insertion lines is
not readily detected by antibody staining. The intensity appears to be constant in all
stages of oogenesis. Examination of stage 10b-11 egg chambers shows staining of
follicle cells surrounding the anterior portion of the oocyte consistent with the staining of
centripetally migrating follicle cells of P15 flies. Figure 41 shows labeling of migrating
border cells with Gp150 as well as possible labeling of the ring canals uniting the nurse
cells. It is most evident in this image that there is no staining detected in the germline for
Gp150. A further point to note is that the Gp150 protein seems to localize to the apical
portion of the follicle cells. This can be seen particularly in cells that surround the
developing oocyte (Figure 41). Work using other markers within the follicle cells
including dE-cadherin and Armadillo indicate that the polarity of cell is important for its
function (Peifer et al., 1993; Tepass et al., 1996). This localization of Gp150 may thus
be required for follicle cell function. There have been many examples where
communication between the germline and follicle cells is essential for proper
development. Based on the location of the Gp150 protein in follicle cells, it is possible
that it may be in some way mediating this communication. This hypothesis is consistent
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Figure 41. Gp150 is Expressed in the Somatic Cells of the Developing Egg Chamber.
(A-F) Gp150 polyclonal antibody detection is shown in red, CS flies were used for (A-C,
F) Green indicates phalloidin staining outlining the cell membrane. (D-E) Green shows
staining of cell nuclei using propidium iodine. (A) Surface of a mid-stage egg chamber
showing Gp150 staining its punctate likely due to localization to vesicles within the
follicle cells. (B) Stage 7 egg chamber showing that Gp150 is present in all follicle cells
surrounding the egg chamber. Gp150 is localized to the apical side of the follicle cells
adjacent to the germline. (C) Staining of a stage 9 egg chamber showing that Gp150
expression is detected in the migrating border cells and possibly in the ring canals
connecting the nurse cells in the germline. (D) Gp150 is detected in follicle cells
throughout oogenesis, beginning in the germarium. Gp150 is not localized to the
nucleaus of either somatic or germline cells. (E) Further demonstration that Gp150 is
apically located in the follicle cells. (F) Close up of a germarium showing that Gp150
expression is detected in region 2 of the germarium when follicle cell first envelop the
cyst.
with enhancer trap data that shows an increase in activity at the stage where cells cease to
divide and begin endoreplication and differentiation. Lastly, the punctate nature of the
staining is consistent with antibody staining previously done in eye discs (Figure 41).
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This staining was not seen in the nucleus of the cell and, although there appears to be
some colocalization with phalloidin stain on the membrane, the majority is not membrane
bound either. This indicates that, as in the eye, Gp150 is most likely localized in vesicles
within the cell possibly regulating the trafficking of key proteins. A negative control was
done using ovaries from gp1504/gp1504 flies. This allele has been demonstrated to
introduce a stop codon early in the transcript and does not produce any detectable protein
(see figure 42). In these ovaries, there was no Gp150 protein detected (data not shown).
A western was also run using ovary extracts and Gp150 antibody. Wild type ovaries as
well as the mutant alleles were checked and all showed expression patterns of Gp150
identical to that of western analysis using eye discs (Figure 42).

Figure 42. Western Blot Analysis of gp150 Mutant Alleles in the Ovary.
Ovaries were collected from both CS flies and those mutant for gp150. The allelic
combinations used are indicated at the top of the western. CS flies show a weak band
running at 150kd. gp1502/gp1503 and gp1502/gp1502 both show a band running at about
90kd. gp1504/gp1504 flies show no band while homozygous P8 flies show reduced
expression of Gp150 running at 150kd.
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6.3 Morphological Defects in gp150 Mutant Ovary
Similar to the fertility studies, the gp1502/gp1503 mutants were again used to
examine the morphology of gp150 mutant ovaries. Ovaries were double stained using
hoechst and phalloidin to mark the nucleus and cell membranes in the fluorescent images.
The most predominant phenotype is that eggs do not reach full maturity. Oocyte

Figure 43. gp150 Mutant Egg Chambers do not Reach Full Maturity and Fail to
Fully Dump Their Nurse Cell Contents.
(A-B) Phalloidin staining of late stage egg chambers from CS (A) and gp1502/gp1503 (B)
flies. Examination of the anterior of the egg chambers shows that in the gp150 mutants
the egg morphology is disrupted and nurse cells remain encased in the ovariole. Anterior
is to the right. (C-C’) Further demonstration that the nurse cell dumping is not completed
during oogenesis in gp150 mutants. Two nurse cells can be seen in the anterior of the
egg chamber adjacent to the mutant dorsal appedages (C). (C’) shows a close up view of
the nurse cells. Cell nuclei are labeled with Hoechst. Anterior is to the right.
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development is halted at approximately stage 13 resulting in semi-mature eggs that are
not released from the epithelial sheath and remain within the ovary. One point that hints
to the fact that the oocytes are halted in development is that in some of the oldest egg
chambers nurse cells can still be detected that have not completed the dumping and
degeneration process (Figure 43). As mentioned, flies homozygous for gp1504 do lay a
few eggs but the majority do not reach maturity and remain blocked in the ovary. The
later stage oocytes from both genetypes are similar in appearance. The eggs that are
layed by gp1504 flies discussed earlier look identical to the oocytes blocked in both
genotypes. This misshapen appearance is indicative of a disruption of the polarity of the
oocyte. At this point, it is unclear to what extant the polarity is disrupted in Gp150
mutant eggs.
Based on the localization of our Gp150 immunoreactivity, we took a closer look at
the follicle cells surrounding the surface of these semi-mature oocytes. The cells appear
to be highly disorganized when compared to wild type. Normally, the follicle cells
surrounding an oocyte are organized in a very regular pattern. The shape of the cells are
similar and even the placement of the nuclei within the cell is consistent (Figure 44). In
the Gp150 mutants, the cells are all different shapes and the nuclei are found clustered in
areas rather than properly spaced (Figure 44). This disruption in patterning is seen when
looking at younger oocytes as well (Figure 44). As can be seen, in mid to late stage egg
chambers the majority of follicle cells should cover the oocyte while the squamous cells
cover the nurse cells. In wild type egg chambers, there is a clear distinction between the
oocyte follicles and nurse cell follicles. In mutant egg chambers this distinction is less
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rigid. There are clearly non-squamous cells remaining in the anterior portion of the egg
chamber. This is further support that indeed the patterning of these cells is disrupted.

Figure 44. Loss of Gp150 Function Results in a Disruption of Follicle Cell
Patterning.
Follicle cell patterning is disorganized in gp150 mutants. (A,C) Staining of CS egg
chambers showing the regular patterning of follicle cells. (A) Phalloidin staining of the
surface of a stage ten egg chamber. The follicle cells surrounding the oocyte are clearly
defined from those covering the nurse cells. Anterior is to the right. (C) Surface of a late
stage egg chamber showing ordered patterning of follicle cells over the oocyte. Hoechst
labels cell nuclei (green) and phalloidin stains the actin filaments (red). (B,D) Patterning
defects are detected in gp1502/gp1503 mutant flies. (B) Surface of a stage ten egg
chamber showing disruptions in follicle cell patterning at the boundary between the
oocyte and nurse cells. Further disruptions are also seen at the anterior of the egg
chamber. Phalloidin staining outlines the cell membranes. Anterior is to the right. (D)
Surface of a late stage egg chamber showing patterning defects as compared to (C).
Hoecst labels cell nuclei (green) and Phalloidin outlines cell membranes (red).
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A couple of possibilities can explain this phenotype. One is that there may be a
change in cell number which is affecting the organization. A comparison of follicle cell
counts has not yet been made between wild type and mutant oocytes to address this
possibility. A second thought is that improper patterning and association amongst the
cells causes the disruption. This possibility if favored based on phenotypes seen in
mutant eye discs. There, staining neuronal cells at the furrow with atonal showed that the
proper spacing and specification of R8 cells was disrupted (Fetchko et al., 2002). When
studying this phenotype in the eye there wasn't a significant change in the number of R8's
or subsequent ommatidia between wild type and mutant eye discs. Based on these
observations, we favor a similar disruption occurring in oogenesis.
A second morphological aberration is that in a significant number of ovarioles,
approximately 43%, the germarium becomes swollen with unreleased egg chambers
while the remaining portion of the ovariole undergoes degeneration (Figure 45). Often
such necrotic ovarioles will have a pseudo mature oocyte at their posterior end (Figure
45). Unlike other mutants that exhibit enlarged germariums, Notch and Delta for
example, there is no indication that the proper number of germline cells in each egg
chamber is disrupted.
Interestingly, the severity of the phenotype seems dependent on the age of the flies.
Initial staining of flies dissected three days post eclosion indicate that while they do fail
to produce mature or wild type appearing eggs, they did not exhibit swollen germaruim
or degenerate ovarioles. Once the adult females were kept for longer than 72 hours, there
ovaries would start to show signs of degeneration. This would suggest that at least part
of the phenotype is time dependent. Such a dependency may stem from an additive effect
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of the gp150 mutation during oogenesis. Again, gp1504 were also examined and they
showed similar effects within the ovary (data not shown).

Figure 45. Loss of Gp150 Function Results in Degeneration of the Ovariole.
(A) gp1502/gp1503 mutant ovariole from a 3+ day old female. Image shows amount of
degeneration that occurs. Nuclei labeled green. Actin filament labeled red. (B) Close up
of a germarium from a degenerate ovariole. Germarium appears swollen and egg
chambers seem to blocked from being released. Nuclei labeled green. Actin labeled red.
In both images anterior is to the left.

6.4 Assessing the Polarity of the Mutant Egg Chambers
As mentioned, one aspect of the gp150 mutant phenotype in ovaries is the apparent
disruption of the oocyte polarity. This is significant to the development of the fly
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because development of the embryo is dependent on axies established in the ovary and
the maternal loading of transcripts in specific parts of the oocyte specified by those axies.
We attempted to address the level of polarity disruption in gp150 mutants by looking at
the mRNA localization of two common markers oskar (osk) and bicoid (bcd). Both of
these genes have distinct expression patterns within the developing ovary and play key
roles in the development of the embryo. Oskar is among a number of genes required for
proper development at the posterior pole of the embryo. In particular, it’s role is most
evident in pole plasm formation. Oskar is present in both the nurse cells and oocyte in
stages 1-6 of oogenesis with the predominant amount in the oocyte. By stage 9, the
majority of transcript is localized to the posterior of the oocyte (furthest from the nurse
cells) with some remaining in the nurse cells. This posterior localization is maintained
through the beginning stages of embryogenesis (Ephrussi et al., 1991; Kim-Ha et al.,
1991; Markussen et al., 1995).
In contrast, the majority of bicoid is localized to the anterior portion of the oocyte.
Maternal loading of bicoid is required for the proper formation of anterior structures
within the embryo including the head and thorax. bicoid is localized to the presumptive
oocyte beginning within the germarium of the ovary. In early oogenesis, stages 1-6, it is
already localized to the anterior of the oocyte and is also found in the nurse cell nuclei.
The anterior localization within the oocyte is maintained throughout oogenesis. In the
early embryo, bicoid is maintained in the anterior portion but transcript levels drop by
stage 5 of embryo development (Berleth et al., 1988; Driever et al., 1990; Frohnhofer and
Nusslein-Volhard, 1986).
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The distinct localization of these two transcripts along with there significant roles in
development made them ideal candidates to use to study whether oocyte polarity is
indeed disrupted in gp150 mutants. Probes targeted to each transcript were used for in
situ studies in both wild type and gp1502/gp1503 ovaries. Both oskar and bicoid were
found to localize normally within the oocyte in the gp150 mutants. Detection of these
transcripts was less evident in the nurse cells than previously reported in both the wild
type and mutant egg chambers. This indicates that the detection methods used were
perhaps not sensitive enough to detect the lower levels of mRNA within these cells. This
may be due to the staining procedures or probe stability/concentration. This is less
significant than the results seen in the oocyte where comparable levels and localization of
transcript was seen in both wild type and mutant egg chambers (data not shown).
Controls were done for both probes using the sense strand indicating that the levels
detected in the oocyte were specific and above background levels. This data indicates
that despite the follicle cell patterning and egg shape defects seen in our mutants the basic
anterior/posterior polarity appears to be intact. This is surprising considering the severe
phenotypes seen when examining mutant ovaries. One explanation may be that Gp150 is
not directly involved in cell patterning and axis specification but rather is needed to
regulate the levels of a second protein that is more directly involved. Based on the
cellular localization of the protein within vesicles this may be likely. In this case,
mutating gp150 may have less of an effect on the axies of the oocyte because its
expression may only help to modify this part of oogenesis. This result also indicates that
disruption of follicle cells alone may be sufficient to cause infertiltity and degradation of
the female reproductive system. To this point, all of our data has found Gp150 only
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associated with somatic function in the ovary. This is not entirely surprising since
follicle cells have so many roles in oogensis. Plus, the data shown thus far does not
completely rule out a role for Gp150 in germline development. The communication that
occurs between the soma and germline during oogenesis makes it difficult to make this
kind of distinction.

6.5 Further Assessment of the Gp150 Patterning Defect
The Gp150 antibody labeling seen in border cells was further explored using a
reporter line that specifically labels these cells with β-galactosidase. This line resulted
from an enhancer detection screen using the lacZ gene fused to a transposon (P-lacZ).
This screen allows for random insertion of the lacZ gene under the control of the P
transposase promoter into the genome. Once inserted into the genome, the P-lacZ fusion
construct can be activated for transcription in a pattern dictated by its surrounding
genomic enhancers. In this way, specific markers for various cell types or stages of
development can be isolated without having to target a particular gene (Bellen et al.,
1989). We used a line labeled p1165 isolated from this assay to get a better
understanding of the extant of follicle cell disruption by targeting border cells. Border
cells are one cell subpopulation that is easy to separate from the rest and requires an
extra phase of differentiation posterior to the germarium. The enhancer trap line used
specifically labels the nuclei of pole cells, border cells and squamous cells.
Complementation testing has shown that the P-lacZ fusion is inserted on the X
chromosome but the exact cytological location is not known (Bellen et al., 1989;
Grossniklaus et al., 1989). Figure 46 shows the β-galactosidase activity detected in wild
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type and mutant egg chambers. As can be seen, the gp1502/gp1503 mutants show no
activity in the border, pole and squamous cells. There is some staining detected at the
anterior end of the egg chambers that may be linked to the low level of activity that has
been reported to be seen at the dorsal appendage or possibly this activity may be
associated with anterior pole cells. This loss of staining indicates that many of the
follicle cells may be differentiating improperly. A second thought is that whatever gene
the P-element is inserted into in the p1165 allele is somehow disrupted when Gp150
function is missing. Since we do not know where on the X chromosome the insertion
lies we cannot examine how genes surrounding that region may interact with gp150.

Figure 46. Follicle Cell Subpopulations are Not Detected in gp150 Mutant Egg
Chambers.
β-galactosidase activity staining of wild type (A) and gp1502/gp1503 (B) egg chambers.
Border cells, pole cells, centripetal cells and stretched cells are all labeled using an
enhancer trap line. (B) shows that none of these cell types are detected in gp150 mutants.
(A) Anterior is to the left. (B) Anterior is to the right.
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6.6 Rescue of the gp150 Mutant Phenotype in Ovaries
Rescue experiments were attempted using a UAS construct that expresses the full
length Gp150 protein (Fetchko, 2002). Initially, a heat shock driver was used to activate
gp150 transgene expression in all cells. Adult gp1502/gp1503 females were mated to wild
type males and heat treated at 32°C for three days (Larkin et al., 1996; Xu et al., 1992).
This is not the optimal temperature to activate the heat shock driver but since we do not
know exactly when or for how long gp150 is needed during oogenesis supplying a more
consistent amount of the protein, even at lower levels, seemed to be a better option.
Following the heat treatment, the laying chambers were then checked to see if any eggs
were layed. Also, the ovaries were checked after heat treatment to see if degeneration
still occurred. In this experiment, we were not able to rescue the gp150 mutant
phenotype. Nearly all the mutant females died when kept at the higher temperature. In
contrast, the wild type males remained healthy even when kept at the higher temperature
for a number of days. This indicated that this approach would not be sufficient to rescue
the phenotype. To overcome this problem, a Gal4 driver on the X chromosome was used.
This driver is the result of a P-element mediated enhancer trap screen randomly inserting
the Gal4 driver into the genome. The line used, labeled c323a, has been shown to drive
expression in most follicle cells using a UAS-lacZ reporter construct (Manseau et al.,
1997). Again, this construct in combination with UAS-gp150 was not able to rescue the
gp150 fertility phenotype. These results indicate that overexpression of full length
Gp150 is not able to rescue the mutant phenotype in ovaries under the conditions tested.
It is possible that the Gal4 drivers used to this point were insufficient to provide enough
Gp150 protein or it may have not been driven in the proper cells. Beyond this
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experiment, we have been able to show that the mutant alleles used are disrupted
specifically in gp150 and thus we do believe that the phenotypes seen to this point are
due to loss of functional Gp150 protein.

6.7 Hypothesizing a Possible Role for gp150 in the Notch Pathway During Oogenesis
In the developing eye, Gp150 has been shown to work with Sca to regulate Notch
signaling. This regulation involves trafficking of N protein using the intracellular
vesicles where Gp150 and Sca are colocalized. This regulation is linked to N signaling
when activated by the ligand Dl (Fetchko et al., 2002; Li et al., 2003). Combining this
data with Notch’s role in oogenesis and the information learned about Gp150 within the
ovary presents some interesting possibilities.
First, there is overlap in the expression patterns of Notch and Gp150. Notch has
been shown to be localized to the apical surface of follicle cells until stage 6 of
oogenesis. After stage 6, expression drops off. This at the same point where Notch
activation is required to stop the follicle cells from dividing. This activation is dependent
on Dl ligand in the germline (Deng et al., 2001; Lopez-Schier and St. Johnston, 2001).
Gp150 is also localized to the apical portion of follicle cells and appears to be localized
within cellular vesicles. Loss of Gp150 protein results in patterning defects that may be
due, in part, to extra cell divisions. Thus, similar to the case in the eye, Gp150 may be
required in follicle cells to regulate Notch signaling. In particular, Gp150 may be
required to maintain N signaling through regulation of the protein within the cell
following its decrease in expression after stage 6. Conversely, Gp150 could be involved
in ensuring efficient turnover of N to allow for cell differentiation following Notch’s part
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in stopping cell division. In either case, the increase in β-galactosidase activity seen in
both gp150 enhancer trap lines further supports a link between Notch and Gp150 during
this point in oogenesis.
A second point is that similar phenotypes are seen in Notch mutants to those seen
with gp150. The biggest similarity is that loss of function in either of the genes has been
shown to cause degeneration of the ovary in a similar manner. Also, egg chambers have
been shown to be delayed in their release from the germarium in the mutant backgrounds
(Ruohola et al., 1991). Notch has been shown to be required for the differentiation of
particular cell types including border cells (Xu et al., 1992). Our initial data indicates
that gp150 may be needed for proper specification of some of these same cell types. One
point is that loss of Notch function seems to cause phenotypes that are more severe than
loss of Gp150. For instance, loss of Notch causes a disruption in the polarity of the
oocyte that is not seen with Gp150 (Larkin et al., 1996). Also, loss of Notch has been
shown to cause fused egg chambers to exit the germarium that contain more than sixteen
sex cells (Ruohola et al., 1991). This does not necessarily conflict with our hypothesis.
If Gp150 is required in the ovary to modulate Notch signaling then it is reasonable that
loss of Notch would show similar but more severe defects than the ones detected for
Gp150.
A final point is that other genes that have been genetically linked to Notch in the
ovary show phenotypes similar to both Gp150 and Notch. Loss of Delta function results
in phenotypes that mimic those seen when N protein is reduced. A second gene, fs(1)Yb,
has also been genetically linked to Notch in the ovary. Over expression of Notch has
been shown to rescue the fs(1)Yb phenotype while loss of Notch enhances it. This is
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important because the gp150 and fs(1)Yb have very similar phenotypes. In particular, the
eggs layed by fs(1)Yb look identical to those coming from gp1504/gp1504 mutant females.
This is indicative of a similar disruption in patterning that is likely linked to Notch
signaling (Johnson et al., 1995).
In conclusion, our work in the ovary has demonstrated that Gp150 is expressed in
follicle cells throughout oogenesis. This expression appears to be required for proper
specification and patterning of follicle cells including specific subpopulation like border
cells. Lastly, we have presented evidence that indicates a probable link between Gp150
function and Notch signaling in oogenesis.
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Chapter 7
Tumor Suppressor Gene Introduction
7.1 Basics of Cancer
Controlled development of a multicellular organism requires tight regulation of
cellular proliferation and survival. Efforts are constantly made to maintain the proper
number of cells required for the function of a particular tissue and to increase the supply
of cells when growth or damage occurs. At the same time, unnecessary cells or those that
are not functioning properly must be eliminated from the organism to sustain an
efficiently functioning system. These processes require integration of multiple signaling
molecules and pathways including Ras, Raf, P13K, various cyclins and other proteins. A
full explanation of all of these components is quite complex and beyond the scope of this
discussion. A schematic of this network is depicted in the figure seen below which,
despite its intricacies, likely does not encompass all the components functioning within a
cell (Figure 47) (Hanahan and Weinberg, 2000). When members of this network are
disrupted, the effects can be devastating. Mutations in cell cycle regulators can result in
transformed cells leading to tumorogenesis and cancer. Often, this transformation of
cells requires a combination of mutations affecting genes related to the cell cycle. This
idea of the “two hit” hypothesis has been supported through numerous studies
demonstrating the type of mutations present in cancerous cells. Tumor suppressor is a
term given to a class of proteins that normally function to restrict progression of the cell
cycle. The genes that encode such tumor suppressor proteins are one group commonly
mutated in cancer cells resulting in a recessive phenotype that permits cell proliferation.
In contrast, oncogenes, a second common group found mutated, are the mutant forms of
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proto-oncogenes that produce dominant mutant phenotypes promoting cell division. All
of these mutations or disruptions may be the result of viral infection, exposure to
carcinogens, age dependent or may be genetically inherited (Alberts et al., 1992;
Hanahan and Weinberg, 2000).

Figure 47. Networks Involved in Cellular Regulation.
This diagram demonstrates the complex level of regulation occurring in mammalian cells
(adapted from Hanahan and Weinberg, 2000).
The progression from a transformed cell to metastasizing tissue requires passage
through specific stages. First, the primary tumor must be established. This involves
manipulation of the surrounding environment to help the cells to circumvent the normal
control mechanisms that preside over all cells. When such tumors grow to a sufficient
size such that general diffusion is no longer competent to supply the nutrients needed by
the proliferating cells then recruitment and development of a vascular system can occur.

139

Following primary establishment, further changes must occur in the cells to make them
capable to move away from the initial site and travel to secondary sites possibly through
the lymphatic or vascular system. Once cells have reached a secondary site they must
establish themselves and grow at this site. This survival and growth is what is known as
metastatic colonization. The process of metastasis is the most fatal aspect of cancer
development and considerable work is being done to elucidate markers and key factors
required for each step of the process (Poste and Fidler, 1980; Yoshida et al., 2000).
Having a good understanding of cell cycle regulation is essential to studies in
cancer development. The cell cycle is split into two basic stages interphase and the M
phase where cell division occurs. Interphase is split into three parts G1, S and G2. G1 is
the gap phase that occurs following cell division prior to DNA replication in preparation
for the next round of cell division. The G1 phase allows for growth of the cell and
provides a checkpoint to entry into S phase and therefore commits the cell to a new
division cycle. DNA replication occurs during S phase. The G2 gap phase is a
checkpoint to ensure that replication has occurred properly and that the cell is ready to
enter mitosis. A final phase linked to G1 is G0. This phase is a term given to cells that do
not make the transition into S phase but rather maintain themselves and function without
undergoing cell division (Figure 48). Progression through the different phases of the cell
cycle requires activation and transcription of various proteins and genes. These cascades
are initiated by the kinase activity of a certain class of proteins known as cyclin
dependent kinases (CDK). These kinases are regulated by a group of cyclins. Different
combinations of Cyclin/CDK complexes regulate specific transitions within the cell
cycle. The expression levels of the different cyclins rise and fall depending whether the
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cell is progressing or is quiescent. Thus, cyclins provide strong markers to indicate cell
division and can even be used to stage cells that may be halted at a particular phase
(Alberts et al., 1992; Follette and O’Farrell, 1997; Prober and Edgar, 2001).

Figure 48. Phases of the Cell Cycle and Their Associated Cyclin/CDK Complexes.
Diagram shows progression through the cell cycle indicating the different phases.
Cyclin/CDK complexes required at each phase are also defined. Cell senescence (G0) is
also indicated (adapted from P. Nurse, 2000).
7.2 Drosophila as Model System to Study Cancer
There are a number of reasons that support the use of Drosophila to study cancer
components. The first is the high degree of genetic and functional conservation between
mammals and flys. Many of the major signaling and developmental pathways are highly
conserved as has been discussed in previous sections. In terms of cancer research, this
conservation has been manifested best when looking at the number of different
oncogenes and tumor suppressor genes as well as other cell cycle regulators that are
conserved between Drosophila and humans. There are over seventy cancer related genes
whose fly homologs are currently being studied (Potter et al., 2000). Isolation of the p53
homolog in Drosophila has proven useful in the study of this proteins role in regulating
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apoptosis in damaged tissue (e.g. Ollmann et al., 2000). Further, experiments have
shown that mammalian genes can be expressed and function in transgenic flies and fly
genes can function in mammalian cells. For example, grim, a Drosophila gene required
for apoptosis, was able to induce mouse 3T3 cells to undergo apoptosis in culture
(Claveria et al., 1998). This data demonstrates the level of similarity between these two
systems.
The developing tissue of Drosophila provides a good system to study cancer
because many aspects of the cell cycle are the same. The cells within the developing
larval imaginal discs have G1, S, G2 and M phases similar to human cells. Like in
humans, these phases are regulated by common Cyclin/CDK complexes. For example, in
imaginal discs the Cyc-D/ CDK4 complex is involved in regulating the G1 phase while
the G1/S transition involves Cyc –E in complex with its kinase CDK2 (Crack et al., 2002;
Datar et al., 2000; Meyer et al., 2000). The G2/M checkpoint involves both Cyc-A and
Cyc-B in complex with CDC2 and CDK1 respectively. One target of Cyc-A and Cyc-B
regulation is the gene string which is required for mitosis. string is the homolog of cdc25
in mammals where it is required for mitosos as well (Knoblich and Lehner, 1993; Lehner
and Lane, 1997; Okada et al., 2002). All of these regulatory mechanisms in flys are
mirrored in the cell cycle regulation of mammalian cells. This makes information gained
in fly research easily applicable to vertebrate species.
Development of a tumor and cell metastasis both require communication between
the mutant cells and their surrounding environment. Longer range secreted signals are
also part of the process. This is another point where Drosophila, in particular developing
larval tissue, can be helpful. Cell to cell communication is a primary mechanism used in
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the differentiation of adult cell types from the precursors pool found in imaginal tissue.
Congruent with the significant cell to cell contacts affecting adult development within an
imaginal disc there are secreted molecules whose longer reaching signals are required.
For example, in the developing eye disc the Hh proteins signals from cells posterior to the
furrow to cell anterior to it to propagate progression of the MF. Thus, many of the basic
mechanisms used in cancerous cells are mimicked in Drosophila development. One part
of tumor growth that cannot be directly studied in the fly is angiogenesis. Flies do not
have a circulatory system similar to humans. Sections taken from fly tumors do show,
however, that there are channels within the tumors that may be used to supply nutrients.
This again demonstrates the likeness between flies and humans (Hanahan and Weinberg,
2000; Potter et al., 2000; Wolff and Ready, 1993).
A final point is that there are many techniques available in the fly making it
highly receptive to cancer research. Mosaic analysis, for example, has proven very useful
in the study of cell over-proliferation and genetic screens using mosaic analysis have
beeen successful in isolating mutations in tumor suppressor genes (Xu et al., 1995).
Mosaic analysis provides a great model for cancer particularly the recessive phenotype of
tumor suppressor genes. This technique allows one to study the progression of a cluster
of cells mutant for a particular gene that are surrounded by cells maintaining wild type
function of that gene similar to the scenario for tumor cells. Also, by using different
promoters to drive flipase expression, generation of the clones can be targeted to specific
tissues or to specific times during development (Duffy et al., 1998; Xu et al., 1995; Xu
and Rubin, 1993).
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The Gal4/UAS system is another method used in the fly that can be useful.
Similar to how mosaic analysis mimics the situation presented by tumor suppressor
genes, the Gal4/UAS system can be correlated to oncogenes. The dominant nature of
oncogenes is recapitulated by the dominant over-expression achieved through transgenic
flies using this system. Again, specificity is there since there are numerous Gal4 drivers
available to direct expression in any manner imagined. Also, this system provides a way
to study the functional domains of a protein in vivo. Molecular modifications can be
made to a protein and then its expression driven once it linked behind the UAS sequence
(Brand and Perrimon, 1993; Phelps and Brand, 1998).
Lastly, there are a number of other factors that combine to make Drosophila a
strong model system in which to study cancer. The sequencing of the genome has made
it easier to search for homologs for a number of genes related to cancer in humans and to
study the functional domains of these genes. Also, genetic modifier screens can be done
relatively simply to isolate enhancers or supressors of genes currently studied. Lastly, the
mutated genes linked to cancer that have been isolated do have wild type functions within
the cell many of them during development. Drosophila provides an ideal system to study
these wild type roles which can prove useful to understanding how mutations in these
genes support cancer progression (Potter et al., 2000; Turenchalk et al., 1999;
Woodhouse et al., 1998).

7.3 Using the Eye Imaginal Disc as a Model
As mentioned, the cells within the imaginal discs are very similar in terms of cell
cycle regulation to mammalian cells making them a good model. Beyond this, the eye
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imaginal disc has some unique properties that make it a good system to use. First, there
are a limited number of cell types that differentiate in the eye. The precise, repetitive
pattern of ommatidia generated requires tight regulation of cell number. While there is
some apoptosis that occurs late in eye development for the most part all the cells in the
imaginal tissue do differentiate into a particular cell type. This makes studies of the cell
cycle well suited to the eye because disruptions in cell number can be visualized as
distortions in the ommatidial pattern. This tight regulation can be seen when looking at
mitosis in the eye. Prior to morphogenetic furrow progression, all cells are dividing in an
unsynchronized fashion. Once the furrow passes a group of cells they are all halted at G1
phase of the cell cycle to await recruitment. Once the first five photoreceptors are
recruited, the remaining precursor cells undergo one round of cell division called the
second mitotic wave (SMW). This is the last round of division that occurs and the pool
of cells created are used to finish the ommatidium. Because the cell cycle is so
coordinated in the eye it is a good environment to study the effect of mutations in various
regulatory proteins (reviewed in Baker, 2001). For example, Cyc-A, Cyc-E and Cyc-B
are all expressed in very specific pattern within the eye so mutations that disrupt this
pattern can be easily detected (Finley et al., 1996; Okada et al., 2002; Richardson et al.,
1995). Lastly, the eye is not needed for viability so mutations effecting its development
can be studied to adulthood.
In this project, we utilize the eye imaginal disc to detail the phenotypic effects
caused by a novel tumor suppressor gene. We show that when this gene is disrupted
using mosaic analysis it causes over-proliferation in the larval eye disc. In the adults,
these clones cause severe disruption of the ommatidial pattern. These studies provide an
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example of how Drosophila can be used to study cancer-related genes and particularly
how the eye imaginal disc can be effective to show disruptions in cell cycle regulation.
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Chapter 8
Tumor Suppressor Gene Results
8.1 Isolation of the Original Mutation
A mutant allele of a Drosophila tumor suppressor gene has been previously identified
in our laboratory. A recombinant chromosome carrying mutations for two genes, sina
and tramtrack (ttk), on its left and right arm was used to induce mitotic recombination
through irradiation after being crossed to a fly carrying a second sina mutation alone.
The goal was to generate clones homozygous mutant for ttk in a background of cells
heterozygous mutant for ttk and homozygous mutant for sina. In this way, we sought to
study the relationship between these two genes. Following the irradiation, 17% of the
flies showed tumors on various parts of their body. In contrast, flies with the same
genotype that were not irradiated had no tumors. When the recombinant chromosome
was crossed to wild type flies and the progeny were irradiated, they too had tumors. In
contrast, the chromosome carrying the second sina mutation was not able to generate
tumors in flies heterozygous for it following irradiation. This experiment indicated that a
recessive mutation existed on the recombinant third chromosome that when made
homozygous in somatic cells was able induce tumor formation. We have labeled this
mutation TSG for tumor suppressor gene and will use this nomenclature in further
discussion. Deficiency mapping and further recombination experiments indicated that
the mutation lies between region 90E and 100D on the third chromosome and is not
linked to either the ttk or sina mutations. An FRT recognition site was recombined with
the mutation on the right arm of the third chromosome to be used for phenotypic analysis
of TSG. Once TSG was recombined away from the ttk and sina mutations it was
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observed that it did cause a larval lethal phenotype in the fly when homozygous. The
larvae that are homozygous mutant for TSG die early in second instar. Interestingly,
these larvae are much smaller and thinner than their wild type counterparts (Figure 49).
The basis for this phenotype currently is unknown. Due to the lethality of the mutation,
we used clonal analysis for our further phenotypic studies.

Figure 49. TSG Homozygous Mutants Show a Larval Lethal Phenotype.
Flies homozygous mutant for TSG die during second instar. They are also disrupted in
development appearing much smaller and thinner than wild type. GFP (green) labels
wild type larvae and UV autofluorescence (blue) was used to visualize both wild type and
mutant larvae.
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8.2 Scanning Electron Microscopy (SEM) of Tumors from TSG Clones
Cells homozygous mutant for TSG are able to generate tumors in various parts of the
body. SEM images were taken of a number of different tumors generated using the
FLP/FRT system and a heat shock promoter to activate flipase expression. Examples of
these tumors are presented in Figure 50. As can be seen, we have documented tumors on
the leg, head, haltere and antenna of the fly. The tumors are able to reach significant size.
Some documented within the head region appeared to be about one-third the size of the
head. Often, the larger tumors show signs of necrosis as the adult fly ages. Closer
examination of the tumors on the body shows that the cells are able to differentiate into
nonspecific epithelial cells with hairs. This indicates that, while the cell cycle regulatory
mechanisms in these cells are disrupted, other mechanisms are still functional in the cell
to allow for differentiation. Most regions of the fly examined have been susceptible to
tumor formation or cellular disruption when homozygous for our TSG mutation. This is
not surprising based on the larval lethal phenotype observed.

8.3 Sectioning of Mutant Clones in the Adult Eye
One interesting aberration noticed when collecting the SEM images was the lack of
tumors within the adult eye. When clones were induced along the perimeter of the eye,
tumors were formed resulting in outgrowths that appeared to differentiate into head
cuticle cells. Clones induced within the center of the eye, however, did not show an
overgrowth phenotype. These clones caused severe scarring in the eye and seemed to
result in necrotic tissue (Figure 50). To explore this phenotype further, we sectioned
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Figure 50. SEM Images of Tumors from TSG Clonal Analysis.
(A) Image of a tumor within the antenna of the fly. (B) Image of the scarring caused by
TSG clones in the adult eye. (C) Clones in the eye that occur at the perimeter can
develop into tumors. (D) Close up of tumor at the eye perimeter showing cellular
differentiation. (E) Large tumor in the head region of the fly. (F) Tumor on the leg. (AF) All clones were induced using a HS-FLP source.
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clones from adult eyes (Figure 51). Photoreceptor cells not homozygous for the mutation
are marked by the presence of pigment associated with them. The sections show that
indeed the scarred regions of the eye lack any distinguishable cellular development.
When looking at the photoreceptor cells almost all identified in the sections had pigment
granules including those along the borders of the scars. We sectioned over ten eyes and
examined several hundred ommatidia. The number of photoreceptors that did not show
pigment was 1% or less. In all cases these cells bordered the scars. Because the
percentage is so low, we feel that these cells are not indicative of the overall phenotype.
Also, it is possible that there may have been pigment associated with these cells that was
somehow not detected. The mutant clones cause disruptions in the tissue that may have
somehow distorted the sections making these cells appear not to have pigment.
Examining the general phenotype indicates that TSG is autonomously required in the
photoreceptor cells for differentiation. This is supported by the presence of mutant
ommatidia surrounding the clones. In these mutant ommatidia, the number of
photoreceptor cells is less than eight. Those photoreceptors that are present, however, all
contain pigment (Figure 51). Lastly, within the scars there are some isolated
photoreceptors detected. All of these photoreceptors have pigment associated with them
as well.
Taking this data together indicates that TSG is required autonomously in cells for
their survival and differentiation. The ability of isolated wild type cells to survive and
differentiate within the clones best demonstrates this fact. This further supports the
hypothesis that TSG is required for proper cell cycle regulation and specification. It is
interesting that tumors do not develop in the eye. Previous work has indicated that
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survival of undifferentiated cells within the developing eye during late larval and pupal
stages requires survival signals stemming from cone cells and primary pigment cells
(Miller and Cagan, 1998). These signals are somewhat localized such that only cells
adjacent to the signal emitting cells will receive them. Those cells that do not receive the

Figure 51. TSG is Autonomously Required for Cell Differentiation and Survival in
the Adult Eye.
Sections from adult eyes show that tissue within the mutant clones is necrotic. Wild type
photoreceptors are marked by the presence of pigment granules associated with them.
Panels show that all photoreceptors have pigment. Mutant ommatidia at the borders of
the clones contain less than eight photoreceptor cells but all cells present are wild type.
Panel C shows that wild type photoreceptors can differentiate even when surrounded by
mutant tissue.
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Figure 51. Continue. TSG is Autonomously Required for Cell Differentiation and
Survival in the Adult Eye.
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survival signal undergo apoptosis. Normally in eye development, two to three cells
undergo apoptosis per ommatidium. This can be blocked by expression of baculovirus
35 which has been shown to block apoptosis in Drosophila cells. When p35 is expressed
in eye development cells that should undergo apoptosis survive and differentiate into
extra pigment cells (Baker, 2001; Hay et al., 1994). As we will discuss in the next
section, third instar larval eye discs containing TSG mutant clones do show over-growth
phenotypes that seem to be lost in the adults. Therefore, it is possible that high amounts
of apoptosis are occurring in the eye because the proliferating cells are unable to receive
sufficient survival signals from the surrounding ommatidia. This can be tested by
combining expression of p35 with our mutant clones to see if blocking apoptosis would
allow tumor formation. This would be interesting to note because it would show that
while mutating TSG is able to disrupt some checkpoints in the cell cycle other regulatory
mechanisms, like the apoptotic pathway, are still functional. Initial attempts were made
to check for apoptosis using acradine orange staining but significant levels above wild
type were not detected in mutant clones from third instar eye discs (data not shown). It is
possible that significant apoptosis will not be detected until the pupal stage. Also,
acridine orange staining is a crude method to use and thus a more precise approach, like a
tunnel assay, should be used.

8.4 Cells Mutant for TSG are Proliferating in the Larval Eye Disc
We used the larval eye disc for further phenotypic analysis of TSG because it is easily
accessible and is not required for the viability of the fly. Also, we have an eye specific
promoter from the ey gene available to drive expression of the flipase enzyme. Using this
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flipase source gives us a much higher percentage of clones in the eye compared to using a
heat shock promoter. In fact, in almost all cases there are multiple clones per disc. This
fact combined with the over-proliferation phenotype results in the majority of cells within
a particular disc to be mutant (Figure 53). One point to note is that flies with clones
driven by the ey-FLP driver do not survive to adulthood but die during pupation. This
indicates that the ey promoter is not as specific as previously thought and likely drives
expression in other areas of the head such as the central nervous system. One interesting
point is that when flies are dissected from the pupae there does appear to be more of an
overgrowth phenotype seen in the eye than from the adult flies whose clones were driven
by a heat shock promoter. This may be because clones generated by the ey-promoter
cause a greater percentage of the disc to be mutant and thus may inhibit whatever
mechanism is functional in the heat shock flies to minimize tumor formation in the eye..
Based on the phenotypes observed in the sectioned eyes, we wanted to know if the
lack of mutant derived photoreceptors was the result of cell death or perhaps the cells
never differentiated in the clones. To check this, we stained larval eye discs containing
TSG clones with Elav a neuronal cell marker. The clones were negatively labeled with
green fluorescent protein (GFP). In wild type discs, Elav stains all photoreceptor cells
giving a precise pattern that mimics the ommatidial pattern. In the mutant clones, there is
photoreceptor differentiation occurring but the pattern is not similar to wild type (Figure
52). TSG mutant ommatidia appear to lag behind their wild type counterparts. Even the
morphogenetic furrow looks to be delayed. Further, the spacing between individual
ommatidia is broader than in wild type tissue. Thus, TSG mutant cells are able to
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differentiate initially but somehow this is disrupted later in development resulting in cell
death.

Figure 52. Cell Differentiation is Disrupted in TSG Clones in Third Instar Larval
Eye Discs.
Developing eye discs show disruption of Elav staining in photoreceptor cells (red) within
TSG clones. Clones are negatively labeled using GFP (green). (A) Elav staining of
photoreceptor cells showing differentiation of photoreceptors in TSG clones but the
spacing is disrupted and the ommatidia seem to be delayed in development as compared
to their wild type counterparts. (B) GFP negatively labels clones. (C) Merged image
showing that the distortions in Elav staining coincide with a lack of GFP expression. (D)
Example of a second eye disc showing the same phenotype in TSG mutant clones. (A-D)
Flipase was provided by ey-FLP source inserted on the X chromosome. Anterior is to the
left.
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We examined clones in the eye disc using a number of different cell cycle markers to
show that the mutant cells were indeed dividing in an unspecified manner. Normally,
posterior to the morphogenetic most cells are arrested at the G1 stage. There is one round
of cell division that occurs about five rows behind the furrow which provides the cells
needed for the final components of the ommatidium but beyond that cells are not cycling.
Due to this, the levels of Cyclin A (Cyc-A) and Cyclin B (Cyc-B) are low posterior to
furrow except for in the cells undergoing mitosis as both proteins are needed for the
G2/M transition (Penton et al., 1997). We stained eye discs for either Cyc-A or Cyc-B to
look for changes in the level of either protein in mutant cells. Clones were negatively
marked with β-galactosidase. In both cases, the levels of protein were high in the mutant
cells. Often this level was significantly higher than in adjacent wild type cells (Figure
53).
This indicates that indeed the mutant cells are progressing through the G2 phase of the
cell cycle. Other markers were then used to further demonstrate that cells homozygous
for the TSG mutation are progressing through the cell cycle and proliferating. Discs were
dissected and incubated in a solution containing 5-bromodeoxyuridine (BrdU) which is
able to incorporate into a cells DNA during replication. This is indicative of progression
through the S-phase (Baonza et al., 2002). We saw an increase in the level of BrdU
incorporation in TSG mutant cells (data not shown). Cells were also stained with an
antibody directed to phosphorylated histone H3. This serves as a mitotic marker in
dividing cells (Baker and Yu, 2001). Again, the level of antibody staining is higher in the
TSG mutant cells than in the phenotypically wild type cells within the same disc (data not
shown). Antibodies against Cyclin E which is required for the G1/S transition of
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Figure 53. Upregulation of Cyclin Proteins in TSG Clones Indicates Progression
Through the Cell Cycle and Increased Proliferation.
(A-C) Cyclin-B protein is upregulated in TSG mutant clones. (A) Cyclin B is shown in
red. (B) β-galactosidase protein expression negatively labels clones (green). (C) Merged
image detailing that cells lacking β-galactosidase expression show an increase in CyclinB expression. Anterior is to the left. ey-FLP source was used to generate clones. (D-F)
Cyclin-A expression is raised in TSG mutant cells in the posterior of the eye disc. (D)
Cyclin-A is shown in red. (E) β-galactosidase protein negatively labels clones (green).
(F) Merged image showing an increase in Cyclin-A in those cells mutant for TSG.
Anterior is to the right. ey-FLP was used as the flipase source.
the cell cycle were also used but the staining was inconclusive (Secombe et al., 1998).
Combining all of this staining data indicates that cells within a TSG mutant clone in the
developing eye do appear to be dividing in an uncontrolled manner. The Elav staining
indicates that these cells are able to differentiate but the increased amount of cell division
may be delaying these cells. Further, it does seem that not all cells differentiate. One
point is that it is possible that ommatidial recruitment is started in the mutant cells but
then it is halted before all cells are assembled. Using a marker to label cone cells could
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address this question. Cone cells are recruited after photoreceptors relatively late in
ommatidial assembly. Therefore, a marker such as cut could be used to label these cells
to see if they are being recruited as well (Wolff and Ready, 1993). This may help to
better define how far into differentiation these cells progress before they begin to die off.

8.5 Generation of a Second Mutant Allele for TSG
Two approaches were taken to generate a second mutant allele for TSG. The first was
a local hopping experiment. Using Flybase, we located a P-element insertion near the
region of DNA believed to carry our mutation. In an effort to generate a new allele, we
attempted to jump this P-element around in the genome by providing a transposase
source hoping it would reinsert in the TSG gene. Previous data has indicated that the
TSG mutation is lethal when homozygous. We reasoned that an insertion in the TSG
gene, if it was sufficient to knock out TSG’s function, would also be lethal. Therefore,
candidate insertions were used for complementation tests with the original allele. Despite
screening several hundred candidates, none of the new insertions appeared to be located
within the TSG gene.
The second approach involved local imprecise excision. In this case, we found a Pelement insertion near our mutation (Flybase). By providing a transposase source to the
fly, we hoped to hop the element out of its location and to take part of its adjacent DNA
with it. In this manner, we hoped that an imprecise excision would remove part of our
genes coding sequence. Again, we used the original TSG mutant for complementation
testing of our candidates. The results from this experiment are summarized in Table 1.
As can be seen, we were successful in generating one line that failed to complement our
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Table 4. Summary of Imprecise Excision Results.
EP(3)3303
TM6B
235aDEP(3)3303(TSG) Failed to
complement
TM6B

w,FRT82TSG
w,Df3R
TM6B
TM6B
Failed to
failed to complement
complement
Shows larval
shows larval
phenotype
phenotype
Failed to
Complement with complement without
16aDEP(3)3303(TSG?
complement
tumors
tumors
)
TM6B

17aDEP(3)3303(TSG? Complements Complement with complement without
tumors
tumors
)
TM6B
Failed to
Complement with complement without
17bDEP(3)3303(TSG?
complement
tumors
tumors
)
TM6B
24bDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed

34aDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed

44aDEP(3)3303
TM6B

Complements

Complements

not crossed

45aDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed

77aDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed

80aDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed

82aDEP(3)3303
TM6B

Failed to
complement

Complements

not crossed
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original mutation. Interestingly, three other lines were isolated that were viable with the
original mutation but showed an unusually high rate of tumor formation. These lines
may be minor mutations in our gene or may have some other mutation that facilitates
formation of tumors by our gene even when only one copy is mutant. At this point, it is
unclear and further analysis of these flies would need to be done. The line that did fail to
complement our original mutation also failed to complement a deficiency line spanning
the region where our gene is located and is homozygous lethal. This lethality however
may not be due to the excision as the original line used to hop out the P-element was also
homozygous lethal. This data indicates that this newly isolated mutant fails to
complement our mutation but it does not indicate whether or not it has the same tumor
phenotype. To address this question, mitotic clones were induced in this line through
irradiation of first instar larvae. Clones were also induced in the original mutant as a
control. As Table 2 shows, the new allele is able to generate tumors at a rate comparable
to the original TSG mutant. Also, the variety of tumors was comparable as well (data not
shown). This indicates that we were successful in generating a new mutant allele for
TSG. Currently, this allele is being recombined with FRT so that it too can be used for
clonal analysis.

Table 5. TSG 235a Shows a Tumor Phenotype Comparable to the Original TSG
Mutant.
CS/5 no rad
CS/235a no rad
CS/5 1000 rad
CS/235a 1000 rad

Flies with Tumors
12
20
335
256

Flies without Tumors
290
307
391
236

Total Flies
302
327
726
492
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In conclusion, we have found a recessive mutation in a putative tumor suppressor
gene. Initial phenotypic analysis indicates that this gene is involved in inhibiting cell
division as mutations in it result in over-proliferating cells. Based on the data collected in
the eye, we hypothesize that other regulatory mechanisms in the fly are still functional
when induced such as apoptosis. Also, the SEM and eye data indicate that differentiation
can occur in these mutant cells further indicating that much of the cells normal function is
still working. Further analysis is currently being done to explore the phenotypes caused
by the TSG mutation. Also, studies are in progress to better define the normal function of
this gene in the fly and to define the mechanism that allows for cell over-proliferation
when this gene is mutated.
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Appendix A

The Drosophilia Homologue of Onecut homeodomain proteins is a
neuralspecific transcriptional activator with a potential role in regulating
neural differentiation
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Abstract
We report here the characterization of the Drosophila homolog of the onecut homeobox gene, which encodes a protein product with one
cut domain and one homeodomain. We present evidence that D-Onecut can bind to similar DNA sequences with high speci®city and af®nity
as other Onecut proteins through the highly conserved cut domain and homeodomain. Interestingly, the cut domain alone can mediate DNAbinding, but the homeodomain cannot. However, depending upon the promoter context, we observed cooperative interactions between the
two domains to confer high DNA-binding af®nity and speci®city. D-Onecut appears to be a moderate transcriptional activator and functions
as a nuclear protein in neuronal tissues of both the CNS and PNS during development and in the adult. In the eye, D-Onecut expression is
independent of glass, a transcriptional regulator of R cell differentiation. Taken together, our results suggest a role for D-Onecut in the
regulation of some aspects of neural differentiation or maintenance. In support of this notion, overexpression of a putative dominant negative
form of D-Onecut during eye development does not affect early cell fate speci®cation, but severely affects photoreceptor differentiation.
q 2000 Elsevier Science Ireland Ltd. All rights reserved.
Keywords: Cut domain; DNA-binding; Drosophila; Homeodomain; Onecut; Nervous system; Transcriptional regulation

1. Introduction
The identi®cation of transcriptional regulators of tissuespeci®c gene expression has provided a means to begin to
unravel the complex networks of upstream regulators and
signaling pathways, which coordinate speci®c cellular
differentiation programs during development. In this regard,
homeodomain proteins have been attributed an essential
role in implementing critical developmental decisions by
regulating the temporal, spatial, and tissue-speci®c expression of downstream target genes required for cellular differentiation (Gehring et al., 1994). A key feature that allows
homeoproteins to ful®ll such diverse functions is that many
contain additional DNA-binding motifs, such as those found
in the POU, Paired, and LIM classes of homeoproteins
(reviewed in Gehring et al., 1994). This modular mode
has proven successful in augmenting functional speci®city

* Corresponding author. Department of Biology, 208 Mueller Laboratory, The Pennsylvania State University, University Park, PA 16802,
USA. Tel.: 11-814-863-0479; fax: 11-814-865-9131.
E-mail address: zcl1@psu.edu (Z.-C. Lai).

and providing ¯exibility in the regulation of gene expression.
One particular class of bipartite DNA-binding homeoproteins has emerged as an important gene family, the cuthomeodomain proteins. The cut domain, ®rst discovered
in the Drosophila Cut protein (Blochlinger et al., 1988),
consists of about 70 amino acids and functions in a number
of homeodomain proteins as an independent DNA-binding
motif (Andres et al., 1994; Au®ero et al., 1994; Coqueret et
al., 1996; Coqueret et al., 1998b; Harada et al., 1994).
However, the homeodomain of this gene family has properties quite distinct from the classical homeodomain, which
may be re¯ected in the sequence divergence within the third
DNA-recognition helix (Lannoy et al., 1998; Lemaigre et
al., 1996). On its own the homeodomain has little DNAbinding af®nity or speci®city. DNA-binding is mediated
mostly by the cut domain, but the sequence speci®city and
binding kinetics are greatly in¯uenced by the presence of
the homeodomain (Lannoy et al., 1998; Catt et al., 1999).
The cut-homeodomain proteins can be grouped into subfamilies according to the presence of one, two, or three cut
repeats. Congruent with their structural diversity, these cut-
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homeoproteins participate in a variety of functional
contexts. For example, the Drosophila Cut protein and its
mammalian homologs (CDP/Cux/Clox, and Cux2 proteins)
generally function as transcriptional repressors in both
proliferating and differentiating cells (Blochlinger et al.,
1988; Coqueret et al., 1998a; Dufort and Nepveu, 1994;
Lievens et al., 1995; Skalnik et al. 1991; van Wijnen et
al., 1996). The Drosophila cut gene is required to specify
cell fate in the peripheral nervous system (Blochlinger et al.,
1988, 1991; Bodmer et al., 1987). Although the in vivo
target genes of the mammalian Cut proteins are unknown
targeted deletion of the ®rst cut domain of the CDP/Cux/
Clox protein results in hair defects and pup loss phenotypes
in mice (Tufarelli et al., 1998). The SATB1 protein, which
contains two cut repeats, is thought to function at the level
of chromatin structure to modulate gene activity (Dickinson
et al., 1997). The mammalian HNF-6 (hepatocyte nuclear
factor-6), which de®nes the prototypical Onecut proteins
(Lannoy et al., 1998), functions as a key regulator of liver
gene expression (Landry et al., 1997; Lemaigre et al., 1996;
Samadani and Costa, 1996). Unlike the Cut proteins,
however, the Onecut proteins are transcriptional activators
of gene expression (Jacquemin et al., 1999; Landry et al.,
1997; Lemaigre et al., 1996; Samadani and Costa, 1996).
These ®ndings suggest that the cut-homeodomain proteins
are an important class of transcriptional regulators in development.
In a previous study a cut domain-containing protein was
isolated as a potential transcriptional regulator of the Drosophila rhodopsin (rh) genes (Z.C. Lai, M. Fortini, and G.M.
Rubin, unpublished data). We report here the isolation of the
full-length cDNA clone and its characterization. Sequence
analysis reveals an open reading frame that is structurally
similar to the Onecut proteins with a striking conservation
of the cut domain and the homeodomain. We provide
evidence that D-Onecut, for Drosophila Onecut, binds to
HNF-6 binding sites equally well with high af®nity and
speci®city. Also like other Onecut proteins, D-Onecut can
promote transactivation of a reporter gene in tissue culture.
Moreover, our expression data indicates that D-Onecut
might play a role in neural differentiation and probably in
maintenance as well, as D-Onecut is expressed exclusively
in the nervous system during development and in the adult.
In particular, D-Onecut may function to regulate photoreceptor (R) cell differentiation during late stages of eye
development. We show that overexpression of a putative
dominant negative form of D-Onecut in the eye speci®cally
interferes with R cell differentiation, but not with early cell
fate determination.

2. Results
2.1. Isolation of a Drosophila onecut homeodomain gene
Previously, a ®lter DNA-binding screen was carried out

to identify transcriptional regulators of rhodopsin (rh) gene
expression using a Drosophila adult retina cDNA expression library with de®ned cis-acting regulatory sequences
from the rh promoters as probes, namely, RCSI, RUS3B,
and RUS4A (Fortini and Rubin, 1990; Fortini et al., 1991).
Four candidate genes were identi®ed, three of which correspond to zfh1, zfh2, and tramtrack69 (Fortini et al., 1991;
data not shown). The fourth encodes a novel gene, which
was called A1. The partial A1 cDNA was used as a probe to
isolate additional sequences from an embryonic cDNA
library. A 4.8 kb full-length cDNA encodes an open reading
frame (ORF) consisting of 1081 amino acids (Fig. 1A). A
BLAST homology search of the sequence databases
revealed two highly conserved regions in the carboxyl
half of the conceptual protein, a single cut domain followed
by a homeodomain (Fig. 1A). These motifs characterize a
rapidly expanding group of homeodomain proteins known
as the Onecut proteins (Lannoy et al., 1998). The founding
member is hepatocyte nuclear factor-6 (HNF-6), which was
originally identi®ed among a group of nuclear factors
required for liver gene expression (Lemaigre et al., 1996;
Samadani and Costa, 1996). No homolog of HNF-6 has yet
been identi®ed in the ¯y, thereby, making this protein the
only Drosophila Onecut member. Consequently, we named
this gene D-onecut.By in situ hybridization to polytene
chromosomes with the D-onecut cDNA as a probe, the
gene was mapped to the fourth chromosome at polytene
band 102C6.
Structurally, D-Onecut is more closely related to the
mammalian Onecut proteins than to the Cut proteins (Fig.
2A) (Andres et al., 1992; Blochlinger et al., 1988; Neufeld et
al., 1992; Quaggin et al., 1996). The cut domain and homeodomain of D-Onecut share a high degree of amino acid
identity with those of the mammalian Onecut proteins, 95
and 83%, respectively (Fig. 2A,D,E). Outside of the onecut
subfamily, they are only about 28±46% identical to the
corresponding domains of the other cut-homeodomain
proteins (Fig. 2A). On further inspection, the homeodomain
of D-Onecut possesses amino acid residues that are
conserved only among the Onecut members such as the
characteristic residues F48 and M50 in the third DNA
recognition helix (Fig. 2E). Residue 50 has been shown to
contact DNA in the major groove and is particularly important in conferring DNA-binding speci®city (Ades and Sauer,
1994; Treisman et al., 1989). In the majority of homeodomains, residue 48 is always a tryptophan (W). The cut
domain of D-Onecut is also remarkably conserved. For
example, when compared to mammalian Onecut proteins,
only four of the 74 residues differ, and of these four residues
three are conservative changes (Fig. 2D). A third region that
is highly conserved between D-Onecut and other Onecut
proteins is a serine/threonine/proline-rich sequence of
about 28 amino acids called the STP box (Fig. 1A). Some
amino acid residues within this sequence motif are found in
all Onecut members including C17H12, the only C. elegansmember that has a STP box (Fig. 2B). The STP box has been
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Fig. 1. D-onecut is a novel Drosophila member of the onecut gene family. (A) Nucleotide sequence of the 4.8 kb full-length D-onecut cDNA (accession number
AF169227) is shown with the conceptual translation of the longest open reading frame. Starting at the N-terminus is the serine/threonine/proline-rich STP box
(shaded in black), followed by ®ve D-onecut repeats DOR1-5 (shaded in gray), and the single cut domain and homeodomain (boxed). N-terminal to the
homeodomain is a putative bipartite nuclear localization signal (shown in bold letters), and within the cut domain is the conserved LSDLL motif (underlined).
(B) Restriction map of the genomic region spanning the D-onecut locus and the 5 0 portion of the Drosophila Eph kinase (dek) gene, which is transcribed in an
opposite direction from D-onecut. Coding regions are shaded in black. Restriction sites shown are EcoRI (E) and HindIII (H). The D-onecut gene consists of
four exons. The cut domain is encoded entirely within the second exon, whereas the homeodomain is split and is encoded by the third and fourth exons. An
EcoRI-HindIII fragment (box shaded in gray) contains a putative neural enhancer, as deduced from genomic fragments that are able to drive reporter gene
expression in neural tissues (Scully et al., 1999), and may be responsible for both D-onecut and dek expression in the nervous system.
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Fig. 2. Structural organization of the cut-homeodomain proteins and amino acid sequence alignments of conserved domains of the Onecut proteins and those
that are speci®c only to D-Onecut. (A) The cut-homeodomain proteins comprise three subfamilies, each is de®ned by the number of cut domains they contain.
Percent identities of the cut domains and homeodomains relative to D-Onecut are indicated. (B±E) All sequences are aligned with the DNAStar sequence
analysis program using the Clustal algorithm based on a PAM250 residue weight table. Identical residues in the majority of sequences are shaded in black
boxes and conservative residues are shaded in gray boxes. Residues that are found in all Onecut members are indicated above the alignments with a dot. (B) The
STP box is a 28 aa sequence enriched in Ser/Thr/Pro residues. Except for D-Onecut and C17H12, a stretch of polyhistidine usually follows. (C) Only speci®c to
D-Onecut are ®ve 21 aa repeats that have no homology to any known motifs. The DOR repeats are characterized by four highly conserved residues (K,H,D,N).
(D,E) Residues de®ning the cut domain and the homeodomain are numbered 1±74 and 1±60, respectively. Species notations are Drosophila (D), human (h),
mouse (m), rat (r), and C. elegans (C). The asterisks underneath the tyrosine (Y) and threonine (T) residues of the C. elegans F17A9 homeodomain sequence
indicate variations from the F48 (phenylalanine) and M50 (methionine) residues of a typical Onecut protein.
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implicated to play a role in transcriptional activation based
on experiments carried out on HNF-6 (Jacquemin et al.,
1999; Lannoy et al., 2000). Finally, a conserved LSDLL
motif within the cut domain of the Onecut proteins is
present (Fig. 1A). This motif has been found to play a role
in transcriptional stimulation as well and is capable of interacting with coactivators such as the CREB-binding protein
(CBP) (Lannoy et al., 2000).
In addition, D-Onecut contains ®ve unique tandem
repeats, which we called DOR (for D-Onecut Repeats);
each consists of 21 amino acid residues and the sequence
is not found in any of the other Onecut members nor in any
proteins present in the sequence database (Fig. 1A). An
alignment of these repeats reveals that some residues are
highly conserved, even in DOR2, which appears to be the
most divergent of the repeats (Fig. 2C). Finally, several
other features that have been described in a subset of Onecut
proteins are not found in D-Onecut such as the polyglycine
tract at the amino-terminus or the polyhistidine stretch
located immediately downstream of the STP box (Fig. 2B)
(Jacquemin et al., 1999). Whether any of these sequences
have a functional role will have to await further studies, but
clearly they are not evolutionarily conserved and may represent a recent acquisition by the different Onecut members
during the divergence of the various phylogenetic lineages.
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al., 1991). All three RCSI probes bind strongly to GST-CHD
(Fig. 3A±C, lanes 3±5). Increasing the amount of unlabeled
double-stranded oligonucleotides effectively competed and

2.2. D-onecut genomic organization
The full-length D-onecut cDNA clone was used to isolate
overlapping genomic clones. A restriction map of the 15 kb
walk spanning the locus is shown in Fig. 1B. The D-onecut
primary transcription unit is encoded by four exons. Interestingly, the cut domain is encoded entirely within the
second exon; whereas the homeodomain is split and is
encoded by exons 3 and 4, which is the case for some homeodomains, for example, the orthodenticle gene (Vandendries et al., 1996). Promoter prediction analysis of
genomic sequences surrounding the 5 0 end of the full-length
D-onecut cDNA suggests a highly probable transcription
start site 112 nt upstream and a TATA box 5 0 to it. Approximately 3.1 kb upstream of the D-onecut gene is a transcription unit encoding the Drosophila Eph receptor tyrosine
kinase (Scully et al., 1999), which is transcribed in an opposite orientation (Fig. 1B).
2.3. D-Onecut and the Onecut proteins share similar DNAbinding properties
We carried out electrophoretic mobility gel shift assay
(EMSA) to address the DNA-binding properties of DOnecut. For EMSA, we synthesized and puri®ed the putative DNA-binding domain of D-Onecut as the carboxyl half
of the protein (aa 731±1081), which includes the cut domain
and homeodomain, fused to GST (GST±CHD). We ®rst
tested binding to the RCSI elements from the rh2, rh3,
and rh4 genes, whose sequences are similar but not identical
(RCSIs from rh1 and rh4are the same, Fig. 3G) (Fortini et

Fig. 3. Analysis of D-Onecut DNA-binding speci®city by electrophoretic
mobility shift assay. 32P-labeled ds-oligonucleotide probes, as indicated
below each panel, are incubated with a D-Onecut cut-homeodomain fusion
protein (GST-CHD) and subjected to EMSA. (A±F) Binding is carried out
without protein (lane 1), with GST alone (lane 2), or with GST-CHD (lanes
3±11). Increasing amounts of GST-CHD in each lane (10, 100, 520 ng) are
indicated by black triangles; whereas, co-incubations with increasing
concentrations of cold probe (0.04, 0.4, 2.1 mM) at a ®xed amount of
GST-CHD and labeled probe are indicated by open triangles. (E) Lanes
6, 8, and 10 contain increasing amounts of wild type cold probe and lanes 7,
9, and 11 contain increasing amounts of the corresponding mutant cold
probe, which cannot compete for binding. (G) An alignment of the oligonucleotide sequences used in these EMSA studies. The core ATTG motif is
boxed. Additional ATTG sequences are shaded in black. The ATTA
homeobox recognition motifs are indicated by gray shading. The HNF-6
consensus binding site is from Lannoy et al. (1998); Lemaigre et al. (1996),
and Samadani and Costa (1996). The mutated tetranucleotide sequence at
the original ATTG position is underlined in the mutant HNF-3b oligonucleotide.
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reduced these binding interactions (Fig. 3A±C, lanes 6±8),
demonstrating that D-Onecut speci®cally recognizes these
RCSI promoter elements.
There are two lines of evidence to suggest that D-onecut
may have similar DNA-binding properties as the other
Onecut proteins. First, the amino acid sequences of the cut
domain and homeodomain are highly conserved. Secondly,
although much more divergent than the mammalian and
Drosophila Onecut proteins, both of the C. elegans proteins,
Ceh-39 and Ceh-21, have been shown to bind to mammalian
target DNA sequences (Lannoy et al., 1998). In light of
these ®ndings, we tested the ability of D-Onecut to bind
to HNF-6 probes described previously (Lannoy et al.,
1998; Lemaigre et al., 1996; Rausa et al., 1997; Samadani
and Costa, 1996). The sequences are derived from the
promoters of the TTR (transthyretin), HNF-3b, and PFK-2
(6-phosphofructo-2-kinase) genes (Fig. 3G). As shown in
Fig. 3D±F, the GST-CHD fusion protein binds equally
well to all three mammalian promoter sequences (lanes 3±
5) and can be competed off with the corresponding unlabeled oligonucleotides (lanes 6±8 for TTR and PFK-2; lanes
6, 8, 10 for HNF-3b). As a further demonstration of the
speci®city of this interaction, a mutant HNF-3b probe
(Fig. 3G) is found to be unable to form any DNA-protein
complexes with GST-CHD (data not shown), nor is it able to
compete with the wild type probe in the binding reaction
(Fig. 3E, lanes 7, 9, 11). Thus, in vitro, the cut-homeobox
DNA-binding domain of D-Onecut behaves very similar to
other Onecut proteins in recognizing the same set of target
binding sites.
This raises an interesting question as to whether there is a
common recognition sequence within these cis-acting
sequences that confers DNA-binding speci®city to DOnecut and other Onecut proteins. Previous studies on
HNF-6 have suggested a consensus sequence from an alignment of all oligonucleotide sequences that bound (Lannoy et
al., 1998; Lemaigre et al., 1996; Samadani and Costa, 1996).
In updating this alignment we have added the rh cis-acting
promoter sequences. As shown in Fig. 3G, an obvious core
motif ATTG is shared by both the Drosophila and mammalian sequences used in this study, which is also consistent
with previous work (Lannoy et al., 1998; Lemaigre et al.,
1996; Samadani and Costa, 1996). Two lines of evidence
lend support to this ®nding. First, oligonucleotide sequences
that do not bind to D-Onecut do not contain the tetranucleotide sequence, as is the case for the RUS4A promoter
element from the rh4 gene (Fig. 3G, data not shown).
Secondly, when changes are made to nucleotides within
the ATTG motif as in the mutant HNF-3b probe (Fig.
3G), DNA-binding activity is completely abolished (i.e.
mutant probe cannot compete with wild type probe for binding, Fig. 3E, lanes 7, 9, 11). It is interesting to note that some
of the oligonucleotide sequences shown in Fig. 3G also
contain multiple ATTG sequences and/or the general
homeobox recognition sequence ATTA (Desplan et al.,
1988; Hayashi and Scott, 1990; Hoey and Levine, 1988).

2.4. D-Onecut binds to the rh1 proximal enhancer, which is
a target of the Glass transcriptional regulator
rh gene expression is regulated by multiple cis-acting
regulatory elements (Fortini et al., 1991). Upstream of the
Rh1 RCSI sequence lies a proximal enhancer Rh1PE that is
bound by Glass, a zinc-®nger transcription factor required
for rh1 gene expression in photoreceptor cells (R1-6) (Ellis
et al., 1993; Moses and Rubin, 1991). Within the Rh1PE
sequence there is an evolutionarily conserved ATTG tetranucleotide immediately downstream of a sequence
protected by Glass binding. We wanted to determine if DOnecut could also bind to this rh1 enhancer element. As
shown by EMSA, D-Onecut (GST-CHD) does indeed bind
strongly to the Rh1PE sequence, which included a single
ATTG repeat (Fig. 4A, lane 3). This interaction is speci®c as
demonstrated by competition experiments with an unlabeled
ds-oligonucleotide (data not shown). However, when the
ATTG core sequence is mutated (Rh1PE m1) DNA-binding
is not completely abolished (Fig. 4A, lane 8). This is in
contrast to the ATTG mutation in the mutant HNF-3b

Fig. 4. DNA-binding activity of the cut domain and the homeodomain of DOnecut. 32P-labeled probes as indicated below each panel are incubated
with either the cut domain (GST-CD) or homeodomain (GST-HD) fusion
protein and analyzed by EMSA. (A) Wild type Rh1PE probe and its corresponding mutant oligonucleotides are used in the binding reactions, which
include no protein (lanes 1, 6, 11, and 16), GST alone (lanes 2, 7, 12, and
17), GST-CD (lanes 4, 9, 14, and 19), or GST-HD (lanes 5, 10, 15, and 20).
The sequences of these probes are shown where the intact ATTG is shaded
in black and the mutated sequences are shaded in gray. (B±D) Lanes 1
contain no protein; lanes 2, GST; lanes 3, GST-CHD; lanes 4, GST-CD;
and lanes 5, GST-HD. The asterisks indicate a shifted band that corresponds
to binding by degraded GST-fusion proteins that are smaller in size.
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probe, which results in a complete loss of binding. This
con¯icting result suggests that there may be additional
sequences required to potentiate the function of the ATTG
in the Rh1PE. To substantiate this idea, we generated a
mutant probe in the 5 0 ¯anking tetranucleotide (Rh1PE
m2) and a double mutant probe encompassing the entire
eight base pairs (Rh1PE m3) (Fig. 4A). Surprisingly, mutations in the 5 0 ¯anking region reduce binding to a greater
extent than mutations in the ATTG sequence (Fig. 4A, lane
8 versus 13). The double mutation greatly abolishes DNAbinding activity of both GST-CHD and GST-CD (Fig. 4A,
lanes 18 and 19, respectively). Thus, the results point to
additional ¯anking sequences within Rh1PE that are
required for D-Onecut binding, and suggest that the
sequence context surrounding the ATTG motif render a
signi®cant contribution to high DNA-binding af®nity and
speci®city.
2.5. The cut domain can have independent DNA-binding
activity, but in some cases requires cooperative interaction
with the homeodomain for D-Onecut binding
To test if the individual cut domain and homeodomain of
D-Onecut could bind to DNA, fusion proteins GST-CD and
GST-HD were used for EMSA analysis. Surprisingly, the
homeodomain alone is unable to bind to either the Drosophila Rh1PE element (Fig. 4A, lane 5) or to the mammalian
TTR, HNF-3b, and PFK-2 binding sites (Fig. 4B±D, lanes
5). In contrast, our data provide evidence that the cut
domain alone can indeed bind to some target sequences
with high af®nity, such as the Rh1PE element (Fig. 4A,
lane 4), and the promoter elements from the TTR and
HNF-3b genes (Fig. 4B,C, lanes 4). However, the cut
domain fails to form a complex with a binding site derived
from the PFK-2 promoter (Fig. 4D, lane 4). Interestingly,
however, as shown above, the GST-CHD (cut domain and
homeodomain together) does bind to this site (Fig. 3F, lanes
3±5; Fig. 4D, lane 3). This suggests that the DNA-binding
activity of the cut domain, in this sequence context, is
dependent on the presence of the homeodomain. The addition of the individual domains together in the binding reaction does not promote the formation of any ternary DNAprotein complexes (data not shown). Taken together, these
results imply the existence of cooperative cis-interaction
between the homeodomain and the cut domain to effect
DNA-binding.
The role of the homeodomain can be further illustrated by
its in¯uence on the behavior of the cut domain interaction
with some target sequences. In Fig. 4A, for example, when
mutations (m1) are introduced within the ATTG core
sequence, the cut domain alone, surprisingly, binds much
stronger (lane 9) in comparison to the intact cut-homeodomain fusion protein (lane 8). Also shown in Fig. 4B,C, the
af®nities of the cut domain for the TTR and HNF-3b probes
are decreased (lanes 4) as compared to binding by GSTCHD (lanes 3), particularly for the HNF-3b probe. Thus,
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the presence of the homeodomain clearly regulates some
aspects of the cut domain DNA-binding af®nity and speci®city.
2.6. D-onecut is a neural-speci®c nuclear protein
To gain insight into the developmental role of D-onecut,
we examined its expression pattern to determine where it
might function. For this purpose, mouse polyclonal antibodies are raised against two non-overlapping peptide regions
at the N-terminus of D-Onecut. The earliest expression of
D-Onecut protein is detected during early embryogenesis
within the central nervous system (CNS) at the time correlated with neuroblast formation (stage 8-9 embryos) (data
not shown). In late stage 15 embryos, D-Onecut is expressed
in both the CNS (Fig. 5A) and the peripheral nervous system
(PNS) (Fig. 5B). During larval development, D-onecut is
expressed in photoreceptor (R) cells of the third instar
imaginal eye disc (Fig. 5C). An antibody to a neural-speci®c
protein Elav is used to con®rm this expression pattern (Fig.
5D). Double-antibody staining with anti-Elav shows that the
onset of D-Onecut expression follows that of Elav (Fig. 5E).
This suggests that the R cell precursors have already been
committed to a neural developmental pathway before DOnecut is expressed, which would imply a role of D-Onecut
in subsequent stages of neural cell differentiation and that it
does not function in the determination of the R cell fate.
During pupal development, the expression of D-Onecut is
also restricted to neuronal cells. This includes the 8 R cells
of the ommatidial clusters (Fig. 5F) and a single cell that is
most likely the neuronal cell of the nerve bristle group (Fig.
5G), which is shared by three surrounding ommatidial clusters. In the adult head, D-Onecut is expressed in all differentiated photoreceptors as well as in the nuclei of neurons in
the lamina, medulla, and many cells of the lobula complex
(Fig. 5H).
Interestingly, studies on the Drosophila Eph receptor
tyrosine kinase (dek) gene, which lies upstream of D-onecut,
reveal a neural-speci®c enhancer within a 520 bp EcoRIHindIII fragment located 300 bp from the start site of Donecut and 2.2 kb from the dek start site (Fig. 1B) (Scully et
al., 1999). This enhancer may indeed be responsible for both
D-onecut and dek expression in the nervous system. Similar
to prokaryotes, multi-gene regulation by a common regulatory unit does exist in eukaryotes, particularly for genes that
are functionally related (Kruglyak and Tang, 2000; Zhang
and Smith, 1998). In this case, D-onecut and dek may function in some aspects of neuronal development. Consistent
with this idea, genetic analysis of the mammalian Eph
receptors points to a role in axon path®nding, while dek is
expressed in growth cones and axons of embryonic interneurons, and in larval R cells (Scully et al., 1999).
2.7. D-onecut expression is not regulated by glass
Glass is a zinc-®nger transcription factor that is required
for the differentiation of all photoreceptor cells (Moses et
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al., 1989; Moses and Rubin, 1991). It is expressed in all cells
behind the morphogenetic furrow; however, glass-dependent gene transcription is restricted to only the R cells.
Since D-onecut probably participates in late differentiation
events and is expressed exclusively in all R cells, we wanted
to address if its expression in the developing eye is dependent on glass. Immunostaining of third instar larval eyediscs
from a glass mutant, gl 60J, with D-Onecut antibodies reveals

that D-onecut expression is not affected (data not shown). It
is interesting to note that the expression of several other
photoreceptor-speci®c genes that are required for proper
differentiation of R cells, for example, Orthodenticle (Otd)
(Vandendries et al., 1996), a homeodomain protein, and
Calphotin (Ballinger et al., 1993), a calcium-channel
protein, are also independent of Glass. This observation
suggests that glass may regulate only some aspects of
neuronal differentiation in the eye (Treisman and Rubin,
1996). Indeed, in null glass mutants, the expression of
some neural-speci®c antigens such as those recognized by
monoclonal antibody 22C10 and anti-HRP antibody is not
affected (Moses et al., 1989). Thus, D-onecut is not downstream of glass, but may act in a parallel regulatory pathway
in the control of photoreceptor cell differentiation.
2.8. Ectopic expression of D-onecut in early eye
development appears insuf®cient to specify photoreceptor
cell fate
Although D-Onecut is expressed in the nervous system
throughout development, we have used the developing eye
as a sensitive assay for examining D-onecut function. We
generated two independent UAS-D-onecut transgenic lines
that allow overexpression of full-length D-onecut protein
using the Gal4/UAS binary expression system (Brand and
Perrimon, 1993). The GMR-Gal4 driver (Hay et al., 1994) is
used to induce D-Onecut expression in all cells behind the
morphogenetic furrow, and the sev-Gal4 driver is used for
expression in a subset of cells which include the R-cell and
the cone cell precursors. If the expression of D-Onecut were
suf®cient to specify the photoreceptor cell fate, we would
expect the formation of extra R cells in GMR-Gal4/UAS-Donecut¯ies or the neural transformation of the cone cells in
the sev-Gal4/UAS-D-onecut ¯ies. However, eye development is normal in both lines examined (data not shown).
This is consistent with the idea that D-onecut is not involved
in establishing R cell identity, but is required for some
aspects of neural differentiation that occur subsequent to
the speci®cation of the R cell fate.

Fig. 5. D-Onecut is a neural-speci®c nuclear protein. Mouse polyclonal
antibodies directed against the N-terminal regions of D-Onecut positively
identify nuclei of neuronal cells in different tissues at various stages
throughout development. (A,B) Lateral views of a stage 15 embryo at
different focal planes showing staining both in the CNS (A) and in sensory
neurons of the PNS in each segment (B, arrowhead). (C-E) In third instar
eye disc, all photoreceptor cells express D-Onecut (panel C, green). This
expression overlaps with the appearance of Elav (panel D, red), an early
neural differentiation marker. The onset of D-Onecut expression appears to
lag behind that of Elav (panel E, merged image), but accumulates to high
levels in more mature ommatidial clusters toward the posterior side of the
disc (right). (F,G) In 45 h pupal eye disc (at 258C), all eight photoreceptor
cells (panel F), and including the single neurons of the nerve bristle group
(panel G), express high levels of D-Onecut. (H) Cryostat-section of an adult
head showing positive staining in nuclei of fully differentiated photoreceptor cells (R1±7 and R8) (black arrows) and of various cells within the
lamina (L), medulla (M), and the lobula complex (LC) (white arrow). In
all panels, anterior is to the left.

2.9. D-Onecut can potentiate transcription of a reporter
gene in tissue culture
The presence of two DNA-binding motifs in the DOnecut protein and its nuclear localization provide strong
evidence that D-Onecut transcriptionally regulates gene
expression. Since the mammalian Onecut proteins, HNF-6
and OC-2, have been shown to be transcriptional activators
(Jacquemin et al., 1999; Lannoy et al., 1998; Lemaigre et
al., 1996; Rausa et al., 1997), we wanted to determine the
transcriptional property of D-Onecut in the Drosophila
Schneider S2 cell line by transient transfection assays. We
constructed a D-onecut expression vector under the control
of the copia LTR (pDOC-Copia), which provides constitutive expression, and a luciferase reporter construct driven by
a Drosophila minimal hs43 promoter (pLuc-hs43) with or
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without six tandem copies of the Rh1PE enhancer element
(pLuc-6XRh1PE). During the course of the experiment, we
found that the S2 cell line appears to express a low level of
endogenous D-Onecut since transfection of the pLuc6XRh1PE reporter vector alone gives about a 3-fold induction of luciferase activity over the empty pLuc-hs43 vector
(Fig. 6). Cotransfection of the D-onecut expression vector
pDOC-Copia with either pLuc-hs43 or the pLuc-6XRh1PE
reporter vector gives an approximately 2.5-fold or 5-fold
induction, respectively, of reporter gene activity over the
basal level (Fig. 6). This level of induction is comparable
to those reported for HNF-6, which can induce a 3±4-fold
level of reporter gene activity under the control of the PFK2 L promoter in hepatoma FTO-2B cells (Lemaigre et al.,
1996). It is interesting to note that the pDOC-Copia vector
carrying the minimal hs43 promoter also generates some
induction of luciferase activity. A closer inspection of the
hs43 promoter reveals sequences containing the ATTG
motif that may favor low af®nity binding to D-Onecut.
Nevertheless, under our transfection assay condition DOnecut appears to function as a moderate transcriptional
activator.
2.10. Expression of an Engrailed-D-Onecut fusion protein
in the eye interferes with R cell differentiation
Without a loss-of-function mutation in D-onecut it is
dif®cult to investigate its role in neural development. In
an attempt to address this issue, we turned to a dominant
negative approach by fusing the DNA-binding domain of DOnecut to the repressor domain of Engrailed, given that DOnecut acts as a transcriptional activator, and expressing the
fusion protein under the control of the UAS promoter (UASEnCH). This approach has been used successfully to reveal
the possible functions of transcriptional activators during
development (e.g. Furukawa et al., 1997). Such fusion
protein is expected to compete with endogenous wild type
protein for target genes and to interfere with gene expression by active repression (Tolkunova et al., 1998). When
expressed in all cells behind the morphogenetic furrow
during eye development as driven by GMR-Gal4, the
EnCH fusion protein causes a dramatic reduction of the
adult eye giving it a rough, glossy, and ¯attened appearance
(compare Fig. 7A with B). A histological section of the
mutant eye reveals an apparent lack of R cells and a remnant
of support cells such as pigment cells and cone cells
(compare Fig. 7C with D). However, cryosections stained
for the neuronal marker, Elav, suggest that photoreceptor
nuclei are still present (Fig. 7F), but that the retina does not
fully extend as in wild type eyes (Fig. 7E). Morphologically,
the optic lobes are reduced in size (compare Fig. 7E with F).
To determine when the initial developmental defect occurs,
we stained GMR-Gal4/1;UAS-EnCH/1 third instar larval
eye discs with an antibody to Elav, an early neuronal cell
marker, and with an antibody to Cut, a marker for nonneuronal cone cells. The result shows that the EnCH protein
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does not affect early cell fate speci®cation events, as pattern
formation occurs normally for both R cells (Fig. 7K) and
cone cells (Fig. 7L). Abnormal R cell differentiation must
have occurred during later stages of eye development. This
observation is remarkably reminiscent of the loss-of-function glass mutants, in which early cell fate determination
proceeds normally, but a defect in R cell differentiation
leads to the subsequent degeneration of the retina (Moses
et al., 1989).
To gain insight on how the EnCH fusion protein may
affect R cell differentiation, we examined candidate genes
that are known to be required for proper R cell differentiation. Unlike glass mutants, the EnCH fusion protein does
not affect the expression of Chaoptin (data not shown), an R
cell-speci®c protein that is under glass regulation (Moses et
al., 1989). The expression of the homeodomain gene, orthodenticle (otd), also is not affected (data not shown) as determined by the expression of a lacZ-reporter gene under the
control of an eye-speci®c otd enhancer (Vandendries et al.,
1996). Surprisingly, a Rh1-promoter lacZ transgene does
not respond to overexpression of the EnCH fusion protein
as well (compare Fig. 7G with H); neither does a Rh1PElacZreporter line (data not shown). We also tested the
response of a Rh4-lacZ transgene to the EnCH fusion
protein. In this case, occasionally only a few cells express
the lacZ reporter (compare Fig. 7I with J). We cannot distinguish whether this is due to an absence of R7 cells or that
they are more sensitive to the EnCH fusion protein. Nevertheless, these ®ndings are still consistent with the idea that
D-onecut and other regulators such as glass may control
different aspects of R cell differentiation by impinging on
different target genes that are required during late stages of
eye development.

Fig. 6. D-Onecut can potentiate transcription of a reporter gene in tissue
culture. Drosophila Schneider S2 cells are transfected either with the Donecut expression vector pDOC-Copia (black bars) or without (gray bars).
Cotransfection with luciferase reporter constructs are carried out either with
a basal reporter vector pLuc-hs43 or with a transcriptional reporter vector
pLuc-6XRh1PE, which carries six tandem copies of the rh1 proximal
enhancer that is speci®cally recognized by D-Onecut. Measurement of ®re¯y luciferase activity as a result of transcriptional stimulation is normalized
against the Renilla luciferase activity, which is constitutively expressed by
the cotransfected internal control plasmid pRL-Copia. Data are shown as
fold induction (mean ^ STD, n  4) of reporter gene activity stimulated by
D-Onecut over the basal level expressed by the pLuc-hs43 plasmid.
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3. Discussion
The homeodomain proteins are an extremely successful
family of transcription factors capable of exerting effective
and potent control over gene expression in many developmental processes. In particular, the cut-homeodomain gene
family has been shown to be important regulators in development. Here we report the isolation and characterization of
the Drosophila onecut gene. We provide evidence that DOnecut and other Onecut proteins represent a structurally
and functionally conserved gene family. They function
similarly in DNA-binding and target selection, as well as
in transcriptional regulation. Unlike mammalian Onecut,
however, D-Onecut is expressed only in the nervous system,
where it may function as a neural-speci®c transcription
factor to regulate certain aspects of neural differentiation
and possibly to play a role in the maintenance of the neuronal cell phenotype and function.
3.1. DNA-binding properties of D-Onecut
The bipartite DNA-binding domains of D-Onecut and of
other cut-homeo domain members illustrate a successful
strategy for implementing additional DNA-binding domains
that function independently or cooperatively with the homeodomain to achieve a greater level of speci®city or to
enhance DNA-binding af®nity. This strategy is also utilized
among other major subfamilies of homeodomain proteins
that contain, for example, the POU-speci®c domain in the
Pit-1, Oct-1, Oct-2, and Unc-86 genes (Rosenfeld, 1991), or
the Paired domain in the Pax gene family (Jun and Desplan,

Fig. 7. Expression of the Engrailed-D-Onecut fusion protein interferes with
retinal differentiation. (A) Flies heterozygous for the GMR-Gal4 driver do
not show any morphological defects at 258C. (B) Trans-heterozygous ¯ies
carrying the UAS-EnCH transgene, whose expression is dependent upon the
GMR-Gal4 driver, show a reduced eye that appears rough and glossy. Note,
however, that the lighter colored eye in the GMR-Gal4/1; UAS-EnCH/1¯y
is not a re¯ection of the loss of pigment cells, which might lead to a
reduction in pigmentation, but is the result of the variability in the expression of the mini-white 1 marker in the transgene construct carried in the
various trangenic lines. (C) A light histological section of the GMR-Gal4/1
eye reveals no extensive underlying retinal defects. (D) However, a similar
section of a GMR-Gal4/1; UAS-EnCH/1 eye reveals and apparent lack of
R cells. Pigment cells (arrowhead) and cone cells (arrow) appear to be
present. (E±J) Cryosections of adult heads. (E) Wild type ¯ies display
normal expression of the nuclear neuronal marker Elav as detected with
anti-Elav. (F) Similarly stained, GMR-Gal4/1; UAS-EnCH/1 mutants
appear to contain photoreceptor nuclei, but the retina fails to extend the
full length of the ommatidial column. (G) Transgenic line showing normal
expression of Rh1-lacZ. (H) In the GMR-Gal4/1; UAS-EnCH/1 mutant,
the Rh1-lacZ transgene is still expressed at a high level. (I) Normal expression of a Rh4-lacZ reporter line. (J) In GMR-Gal4/1; UAS-EnCH/1
mutants, relatively little (arrow head) or no cells express the Rh4-lacZ.
(K) Early development of the third instar larval eye discs in GMR-Gal4/
1;UAS-EnCH/1 animals proceeds quite normally as indicated by the
expression of Elav, an early neuronal marker. (L) Also, in these eye discs
the speci®cation of cone cells appears normal as indicated by the appropriate expression of the Cut protein.
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1996; Gruss and Walther, 1992). The cut domain of DOnecut alone can clearly mediate high af®nity DNA-binding in a sequence-speci®c manner. The homeodomain,
however, is incapable of DNA-binding by itself. This is
also true for the HNF-6 homeodomain as shown by mutant
proteins that have either a deleted or mutated homeodomain
but are still capable of binding (Lannoy et al., 1998). Likewise, among the Cut proteins, the homeodomain of mammalian CDP/Cux displays very low DNA-binding af®nity and
generally binds in a non-speci®c manner (Harada et al.,
1994, 1996; Valarche et al., 1993).
The lack of binding by the homeodomain due to the
absence of the ATTA motif can be ruled out since the
TTR probe, which contains a single ATTA sequence, is
unable to bind to the isolated homeodomain. Similar to DOnecut, the ATTA sequence is not required for HNF-6
binding (Lannoy et al., 1998). Indeed not all homeodomains
bind to sequences containing an ATTA core (Hayashi and
Scott, 1990). Furthermore, sequences outside of the homeodomain, which in some cases have been shown to affect
DNA binding (Hoey et al., 1988), might not have been
included in the GST-HD fusion protein. Nonetheless,
under our EMSA conditions, which included an excess of
non-speci®c sequences like poly[dI-dC], the homeodomain
of D-Onecut has no or relatively very low DNA-binding
af®nity. This may re¯ect sequence differences in the third
DNA-recognition helix of the homeodomain. For example,
the Onecut members have the de®ning F48 and M50 residues that are atypical divergences from the classical homeodomain.
However, the apparent inability to bind does not rule out a
role of the homeodomain in D-Onecut DNA-binding. In the
case of the PFK-2 probe, it is evident that the cut domain
alone is not suf®cient for binding, but depends on the
presence of the homeodomain for the DNA-binding activity.
Changes in DNA-binding af®nity are also in¯uenced by the
homeodomain; for example, binding to a mutant Rh1PE
probe is much weaker for the cut-homeodomain fusion
protein than for the GST-CD protein. These observations
indicate a signi®cant role of cooperative interactions
between the cut domain and the homeodomain in determining D-Onecut DNA-binding activity. Similar ®ndings have
been reported by Harada et al. (1994), in which the cut
repeat 3 (CR3) DNA-binding af®nity is greatly increased
when the Cut homeodomain is on the same molecule,
whereas the inclusion of other cut repeats does not have
the same effect. Cooperative interactions have also been
demonstrated to occur among the cut domains and the
homeodomain of CDP (Au®ero et al., 1994; Catt et al.,
1999). A similar case is seen for the POU-class homeodomain proteins. The POU homeodomain alone is insuf®cient
for high af®nity DNA-binding, but requires the POU-speci®c domain for effective interaction with target sites (Ingraham et al., 1990; Sturm and Herr, 1988; Verrijzer et al.,
1992). Analogously, the Paired domain and the Pairedhomeodomain can function as independent DNA-binding
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domains, where the latter can operate through dimerization.
However, the Paired domain and the homeodomain can also
cooperate together to specify DNA-binding activity (Jun
and Desplan, 1996; Hoey et al., 1988; Ingraham et al.,
1990; Rosenfeld, 1991; Verrijzer et al., 1992). Thus, cooperative interaction between bipartite DNA-binding domains
appears to be an important mechanism for achieving higher
DNA-binding af®nity and sequence speci®city, and is not
exclusive of the cut-homeo domain proteins.
The indirect role of the homeodomain in D-Onecut binding also points to an important implication where it may
participate in protein-protein interaction with other transcription factors in effecting target speci®city and transcriptional activity. One line of evidence to support this is the
observation that mutations in the F48M50 dyad of HNF-6
do not abolish binding, but affect transcriptional activity in a
target-dependent manner (Lannoy et al., 1998). For target
sites that do not utilize the homeodomain for binding, the
homeodomain may be involved in promoting transcriptional
activation either directly or indirectly by recruiting other
factors. In the case of D-Onecut, its weak transactivation
activity may suggest a potential interaction with additional
activators in order to promote high levels of transcriptional
activation. In light of the fact that the ATTG core motif
required for D-Onecut binding juxtaposes the Glass binding
site in the Rh1PE and also the canonical TAAT motif in the
RCS1 element, it is tempting to speculate that D-Onecut
may interact with Glass or Pax-6/Eyeless. The latter is particularly noteworthy since it has been demonstrated to bind to
the RCS1 to activate Rh1 expression (Sheng et al., 1997);
and being a Paired-type homeodomain, it is able to dimerize
on palindromic TAAT or `P3' sites similar to the RCS1
(Wilson et al., 1993).
3.2. Sequence requirements for D-Onecut binding
An alignment of the oligonucleotide sequences used in
our EMSA analysis reveals an ATTG core motif that is
common to all probes that bind to D-Onecut. This motif is
included in a consensus sequence, WTATTGATTW (where
W is A/T), previously de®ned for HNF-6 binding (Lannoy
et al., 1998; Lemaigre et al., 1996; Samadani and Costa,
1996). In some cases, there is a strong requirement for
this tetranucleotide since binding is completely abolished
when this sequence is mutated. However, in another
sequence context there appears to be additional sequence
requirement besides the ATTG core motif. For example,
mutant RH1PE probes with an intact ATTG show a
dramatic reduction in binding to GST-CHD, but are still
highly effective in binding to the cut domain alone. Only
when both the ¯anking sequences and the ATTG core are
changed that DNA-binding is abolished. This suggests that
in addition to the ATTG core, the ¯anking sequences in
Rh1PE also contribute signi®cantly to the DNA-binding
activity of D-Onecut. Indeed, a mutation in a ¯anking
nucleotide of the ATTG motif has been identi®ed in the
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HNF-6 binding site within the Type I protein C promoter
that reduces HNF-6 binding and abolishes transactivation of
a reporter gene in tissue culture (Spek et al., 1998). Likewise, the cut repeats of the Cut proteins could also bind to
other sequences besides the major CCAAT binding site
(Andres et al., 1994; Au®ero et al., 1994; Skalnik et al.,
1991).
Our observation on the binding characteristics of the
mutant Rh1PE probes, however, may suggest an interesting
possibility that D-Onecut binding may require an initial
docking event after which the cut domain would scan for
the ATTG motif. The homeodomain may play a role in
regulating these processes and stabilizing the interaction.
In this view, mutations in the ¯anking sequences but not
in the ATTG could affect the initial docking of D-Onecut
which could abolish binding as seen for the Rh1PE-m2 and m3 probes (Fig. 4A, lanes 13 and 18). Mutations in the
ATTG motif but not in the ¯anking sequences would still
allow for docking that is compatible with in an apparent
reduction in DNA-binding af®nity as seen for the Rh1PEm1 probe (Fig. 4A, lane 8). The homeodomain appears to
provide a signi®cant contribution to speci®c binding site
selection, since the cut domain alone has greater af®nity
for the Rh1PE-m1 probe than the GST-CHD fusion protein
(Fig. 4A, lane 8 versus 9). Finally, it is noteworthy to point
out an analogous case where the ATTG core sequence is not
suf®cient for binding by the cut repeat II of mClox (Andres
et al., 1994). In this previous study, oligonucleotide selection assay reveals that the cut binding sites contain a ¯anking ATTA core on either side of the ATTG motif at various
positions. Interestingly, oligonucleotides with a mutated
ATTA core but with an intact ATTG site are unable to
bind to the cut domain. This observation supports the likely
notion that the initial binding of the cut domain to the ATTA
is necessary for the recognition of the ATTG core sequence.
3.3. Role of D-Onecut in neural differentiation
With a distinct nuclear expression in neuronal cells
throughout development and in the adult, D-Onecut is likely
to play a role in regulating neural differentiation or maintenance by controlling neural-speci®c gene expression. In
the eye, one candidate target gene is rhodopsin as suggested
by speci®c DNA-binding in vitro to two cis-acting elements,
RCSI and Rh1PE. Interestingly, the RCSI element is
conserved not only in the opsin genes of many different
species but also in the promoters of many R cell-speci®c
genes, and is required for their expression in photoreceptors
(Kikuchi et al., 1993; Sheng et al., 1997; Yu et al., 1996).
Therefore, D-onecut might regulate other R cell-speci®c
genes containing RCSI-like binding sites in addition to
rhodopsin for proper R cell differentiation.
We attempted to address the in vivo function of D-Onecut
by overexpressing the protein during eye development.
Similar to Glass (Ellis et al., 1993), ubiquitous expression
or expression of D-Onecut in the non-neuronal cells such as

cone cell precursors has no apparent effect on eye development. Intriguingly, genes such as Chaoptin, which are
directly regulated by Glass and are normally restricted to
the R cells, do not respond to ectopic Glass expression in
non-photoreceptors (Ellis et al., 1993). Thus, Glass is necessary for the differentiation of the R cells but not suf®cient to
drive neural differentiation in the non-photoreceptor cells.
This may indeed be the case for ectopically expressed DOnecut. Two possibilities may explain these observations.
One is that the R cells have developed along a different
developmental history as compared to the non-photoreceptor cells, thus, endowing them with other factors necessary
for the initiation and maintenance of neural differentiation
in response to regulatory molecules such as D-Onecut and
Glass. Secondly, although Glass is expressed in all cells
behind the morphogenetic furrow in the eye disc, Glassdependent transcription is only restricted to the R cells.
This suggests the existence of some inhibitory function in
the non-photoreceptors. Interestingly, this restriction has
been shown to be suf®ciently directed by the conserved
ATTG in the Rh1PE. When the ATTG is mutated, Glass
activity is no longer R cell-speci®c but is found in all cells
(Ellis et al., 1993; Moses and Rubin, 1991). Ellis et al.
(1993) have suggested a putative inhibitor that could bind
to this ATTG to block Glass activity in the non-photoreceptors. If this inhibitor is ubiquitously expressed, an R cellspeci®c positive factor must exist to prevent this inhibition
of Glass-mediated transcriptional activation. Given its ability to bind to the Rh1PE and expression in the photoreceptors, D-Onecut is a likely candidate for this R-cell speci®c
positive factor.
Since D-Onecut acts as a transcriptional activator, we
generated a fusion protein in which the Engrailed repressor
domain is linked to the DNA-binding domain of D-Onecut.
Such chimeric protein could potentially act in a dominant
negative fashion by actively repressing target genes of the
respective DNA-binding domain. A dramatic reduction of
the adult eye is obtained when the EnCH fusion protein is
expressed in all cells behind the morphogenetic furrow as
driven by GMR-Gal4. The mutant phenotype is highly
speci®c since only R cells appear to be affected and not
accessory cells such as pigment cells and cone cells even
though the EnCH protein is also expressed in these cells. In
addition, this effect occurs only during late differentiation of
R cells, and not during early cell fate determination. Thus,
the EnCH fusion protein appears to function as a putative
dominant negative. The nature of this dominant phenotype
could not re¯ect a simple gain of wild type D-Onecut function because overexpression of full-length D-Onecut does
not cause such mutant effect. However, the EnCH phenotype appears to be insensitive to changes in D-Onecut level,
as overexpression of the full-length protein does not result
in suppression. This may in fact be due to the relative differences in transcriptional activity between the moderate activating nature of D-Onecut and the highly potent repressor
domain of Engrailed (Tolkunova et al., 1998). Surprisingly,
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the GMR-Gal4-driven EnCH fusion protein does not affect
the expression of a Rh1PE-lacZ or Rh1-lacZ transgene in
third instar eye discs and in the adult eye. Despite our in
vitro DNA-binding data, these results suggest either the
Rh1PE and Rh1 promoter are not in vivo targets of DOnecut or Glass-mediated transactivation is so potent that
the EnCH fusion protein has little effect in this particular
context. Ultimately, genetic analysis using loss-of-function
D-onecutmutations will need to be carried out to clarify if
D-onecut is indeed a regulator of Rh1 and other rhodopsin
genes.
In addition to D-Onecut, several other transcription
factors have been shown to be required for R-speci®c
gene expression. For example, the otd gene appears to be
required for late differentiation of R cells. The loss of otd
function causes a reduction in rh gene expression and abnormal morphogenesis of photoreceptor rhabdomeres (Vandendries et al., 1996). In addition to its role in initiating eye
development, the Pax-6/eyeless gene has been implicated in
regulating late differentiation events during Drosophila eye
development by directly regulating target genes such as the
Rh1 gene (Sheng et al., 1997). Therefore, D-Onecut, Glass,
and additional transcription factors may form a cross-regulatory network that coordinates retina-speci®c gene expression during Drosophila eye development.
3.4. Evolutionary considerations
The striking conservation of the cut domain and homeodomain among the Onecut genes suggests that their functions in sequence-speci®c DNA-binding and transcriptional
regulation are conserved during the course of evolution.
However, the genes or classes of genes they regulate may
be entirely different. For example, the mammalian Onecut
proteins are expressed in numerous tissues such as endodermal and neural derivatives (Landry et al., 1997; Rausa et al.,
1997). In contrast, D-Onecut has exclusive neuronal expression. Interestingly, similar to D-Onecut, HNF-6 is also
expressed in the retina, which ®rst appears at embryonic
stage E17 and implicates a potential role in photoreceptor
development (Landry et al., 1997). The observation that DOnecut and the mammalian Onecut proteins share common
expression in neuronal tissues may point to an ancestral site
of action of the Onecut proteins.
In C. elegansthere are ®ve Onecut members (Fig. 2D,E)
without any known functions in vivo (Lannoy et al., 1998).
Interestingly, Ceh-21 and Ceh-39 are capable of binding to
HNF-6 binding sites (Lannoy et al., 1998), which suggests
that the C. elegans genes may function similarly to DOnecut and the mammalian Onecut proteins. The Ceh-38
gene has been recently reported to be expressed in multiple
tissues throughout development like the mammalian genes,
with particular expression in endodermal derivatives and in
many types of neurons (Cassata et al., 1998). The C17H12
gene perhaps represents the most ancestral member within
this lineage since it is more like D-Onecut as indicated by
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sequence homology (Fig. 2D,E) and by the possession of a
STP box (Fig. 2B). Finally, since all but C17H12 show
much greater divergence among the Onecut proteins, it
will be interesting to see whether these genes will have
overlapping expression patterns, like the HNF-6 and OC2, or have restricted expression pattern like D-onecut.
4. Experimental procedures
4.1. Cloning of D-onecut cDNA
Previously, an adult retina cDNA, A1, with a 2.6 kb insert
was obtained in a screen for potential transcriptional regulators of Drosophila rhodopsin genes (Fortini et al., 1991;
data not shown). The A1 cDNA is used to screen for additional clones from an embryonic cDNA library. A 4.8 kb
full-length embryonic cDNA clone is sequenced on both
strands either by automated dideoxy cycle sequencing
(Nucleic Acid Facility, Biotechnology Institute at the Pennsylvania State University) or by manual dideoxy chain
termination using T7 Sequenase (Amersham).
The full-length D-onecut cDNA is used to isolate overlapping genomic clones from a l FIX genomic DNA library.
The positions of intron and exon borders are determined by
the comparison of cDNA and genomic sequences, and also
by the differences in restriction fragment sizes. The entire
D-onecut region has also been completely sequenced by the
Berkeley Genome Project and is used to con®rm our results
(accession number AC014859).
4.2. Electrophoretic mobility shift assays
The putative DNA binding domain of D-Onecut (aa 731±
1081), containing both the cut domain (CD) and homeodomain (HD), is fused downstream to Glutathione-S-Transferase (GST) in pGEX-4T (Pharmacia) to make GST-CHD.
The GST-fusion protein is overexpressed in BL21 cells
and af®nity puri®ed via Glutathione-beads as described
(Smith and Johnson, 1988). GST-CD and GST-HD fusion
proteins, containing either the cut domain or the homeodomain alone, respectively, are similarly constructed and puri®ed. Double-stranded oligonucleotide probes are prepared
by annealing oligonucleotide pairs and end-labeled with
[a- 32P]-dCTP by Klenow ®ll-in. The DNA binding reaction
(25 ml) is carried out by incubating 20±30 ng of puri®ed
GST-fusion protein or GST alone with 5000 cpm of labeled
ds-DNA oligonucleotide probe in 10 mM HEPES (pH 7.6),
1 mM DTT, 1 mM MgCl2, 0.5 mM EGTA, 32 mM KCl,
10% (v/v) glycerol, 1 mg poly [dI-dC], 0.3 mg/ml BSA for 1
h at 188C. DNA-protein complexes are resolved on 4% nondenaturing polyacrylamide gels (19:1) containing 0.5£ TBE
and 2.5% glycerol. The gels are dried and exposed for autoradiography. Competition experiments are carried out by
incubating increasing amounts of the corresponding unlabeled ds-oligonucleotides in the DNA-binding reaction. In
some cases, to con®rm DNA-binding speci®city, mutant
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probes are used to show either the lack of formation of
DNA-protein complexes or the inability to compete for
DNA-binding with the corresponding wild type probes.
Oligonucleotide sequences used in these DNA-binding
assays are listed in Figs. 3 and 4.
4.3. Antibody production and immunohistochemistry
Two non-overlapping N-terminal peptides of D-Onecut
(residues 185±461 and 462±729) are fused to GST for overexpression in BL21 cells and for subsequent af®nity puri®cation using Glutathione-beads. The puri®ed fusion proteins
are injected into mice for polyclonal antibody production
(Hybridoma and Cell Culture Laboratory, Penn State
University). Polyclonal sera derived from either peptide,
a-AB (aa 185±461) or a-BS (aa 462±729), are tested for
speci®city by immunostaining embryos (0±15 h) and
con®rmed by comparison to the embryonic expression
pattern as determined by in situ hybridization (data not
shown). Both a-AB and a-BS give identical staining
patterns in the PNS and CNS that re¯ect D-onecut mRNA
expression.
Immunostaining of embryos is performed as described
(Patel et al., 1989) with some modi®cations using the polyclonal antibodies at a 1:200 dilution. Brie¯y, ®xed embryos
are incubated with the primary antibody at 48C overnight
followed by several washes in PBSS (1£ PBS, 0.2% saponin). The samples are then blocked with PBSN (1£ PBS,
0.2% saponin, 5% normal goat serum), followed by incubation with biotinylated anti-mouse IgG (Vector Laboratories)
diluted at 1:200 in 0.1 M PO4 buffer (pH 7.2) with 5% NGS
for 2 h at RT. Staining and development of the color reaction (DAB with Ni 21) are carried out with Vectastain ABC
kit (Vector Laboratories).
Immunostaining of third instar larval eye discs is carried
out essentially as described (Mlodzik et al., 1990). Eye discs
are dissected in 1X PBS and incubated in PLP (2% paraformaldehyde, 0.01 M NaIO4, 0.075 M lysine, 0.037 M
NaPO4 pH 7.2) for 45 min on ice. In some cases, the peripodial membrane is removed during this incubation to aid
antibody accessibility. Discs are washed for 15 min in 0.1 M
NaPO4 pH 7.2 with 0.1% saponin on ice, and then incubated
in a 1:200 dilution of either a-AB or a-BS in PBSN at 48C
overnight. Three 5 min washes in PBSN are carried out
before incubation with biotinylated anti-mouse IgG diluted
at 1:200 in 0.1 M PO4 buffer with 5% NGS for 2 h on ice.
Vectastain ABC kit is used to visualize the staining as
described above. Double staining of D-Onecut mouse antibodies and rat anti-Elav are performed similarly, except
both primary antibodies are co-incubated. In this case,
Texas Red-conjugated anti-rat or FITC-conjugated antimouse secondary antibodies (Vector Laboratories) are
used correspondingly. Doubly stained eye discs are examined by confocal microscopy (Zeiss Laser Scan Microscope410 Inverted).

4.4. Tissue culture and cell transfection
Drosophila Schneider S2 cells are grown in insect
medium (Gibco-BRL) supplemented with 10% fetal bovine
serum (FBS) at 258C. Approximately 1 £ 10 5 cells/well in a
24-well plate are transfected by lipofection using Tfx-20 (at
a charge ratio 3:1) (Promega) with 2.0 mg D-Onecut expression plasmid pDOC-Copia, 3.8 mg ®re¯y Luciferase reporter construct under the control of either the basal hs43
promoter alone (pLuc-hs43) or with six copies of the Rh1
proximal enhancer (pLuc-6XRh1PE), and 250 ng of pRLCopia as an internal control. The pDOC-Copia plasmid is
constructed by replacing the b-galactosidase cassette in the
Copia-b-gal vector (provided by James Manley) with the
full-length D-Onecut cDNA. Likewise, the pRL-Copia plasmid is derived by excising the Renilla luciferase cassette
from pRL-CMV (Promega) and inserting it into the Copia
vector. The basal hs43 promoter from pCaSpeR hs43-b-gal
is inserted into the empty ®re¯y Luciferase reporter vector,
pGL3 (Promega), to make pLuc-hs43. The reporter plasmid
pLuc-6XRh1PE is derived by inserting six tandem copies of
the Rh1 proximal enhancer in front of the minimal hs43
promoter in pLuc-hs43. After an overnight transfection,
complete insect medium supplemented with 10% FBS is
added and the cells are incubated for an additional 48 h
before harvesting. The cells are collected, rinsed once
with 1£ PBS, and centrifuged. The cell pellet is resuspended
with 200 ml of lysis buffer provided in Promega's Dual
Luciferase Reporter Assay system. Five microliters of the
lysate is assayed for ®re¯y and Renilla Luciferase activity
using reagents provided in the kit. Measurements for both
are carried out sequentially in the same tube and taken with
a Berthold luminometer (LB9501-16). Fire¯y luciferase
activities are normalized against the Renilla luciferase internal control.
4.5. D-onecut overexpression constructs and transgenic
lines
The full-length D-onecut cDNA is cloned into pUAST
vector for P element-mediated germ line transformation in
Drosophila embryos. Two independent transgenic lines
were obtained. Expression of the transgenes is accomplished by crossing the transgenic ¯ies to those carrying a
GMR-Gal4 insertion, which drives expression in third instar
eye discs in all cells behind the morphogenetic furrow.
A putative dominant negative construct is made by fusing
the C-terminus of D-Onecut (aa 730±1081), which includes
the DNA-binding domain encompassing the cut domain and
homeodomain, downstream of the Engrailed repressor
domain (aa 1±298) (Tolkunova et al., 1998). This fusion
cassette is tagged at the N-terminus with three copies of
the hemaglutinin (HA) epitope and subsequently cloned
into the pUAST vector for transformation into ¯ies. Five
independent lines were obtained that give similar dominant
phenotypes when driven by the GMR-Gal4 driver.
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Summary
Receptor tyrosine kinase (RTK) signaling plays an instructive role in cell fate decisions, whereas Notch
signaling is often involved in restricting cellular competence for differentiation. Genetic interactions between these two evolutionarily conserved pathways
have been extensively documented. The underlying
molecular mechanisms, however, are not well understood. Here, we show that Yan, an Ets transcriptional
repressor that blocks cellular potential for specification and differentiation [1, 2], is a target of Notch signaling during Drosophila eye development. The Suppressor of Hairless (Su[H]) protein of the Notch
pathway is required for activating yan expression, and
Su(H) binds directly to an eye-specific yan enhancer
in vitro. In contrast, yan expression is repressed by
Pointed (Pnt), which is a key component of the RTK
pathway. Pnt binds specifically to the yan enhancer
and competes with Su(H) for DNA binding. This competition illustrates a potential mechanism for RTK and
Notch signals to oppose each other. Thus, yan serves
as a common target of Notch/Su(H) and RTK/Pointed
signaling pathways during cell fate specification.
Results and Discussion
Notch-mediated lateral inhibition blocks cellular competence for differentiation [3, 4]. The Ets protein Yan plays
a similar role in the Drosophila eye [1, 2]. In a sensitized
assay, the eye phenotypes of yan mutants can be dominantly enhanced by the reduction of a key component of
the Notch pathway, Su(H). yanP homozygotes exhibited
20% mutant ommatidia [1], while yanP/yanP; Su(H)D47/⫹
flies had 44% (n ⫽ 380) mutant ommatidia. This result
suggests that the yan function or expression might require the Su(H) activity. To test a hypothesis that yan is
a downstream target of Notch signaling, the level of Yan
protein was examined in eye discs mutant for Su(H).
Normally, Yan is highly expressed in all undifferentiated
cells posterior to the morphogenetic furrow (MF) (Figures 1A–1C). In the absence of Su(H) function, Yan expression was greatly reduced or eliminated (Figures 1D–
1I). A similar phenotype was also observed in Nts eye
4
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discs (Figures 1J and 1K). Thus, Notch/Su(H) signaling
is required for yan expression.
To investigate how yan expression is regulated, DNA
fragments comprising a 20-kb genomic sequence surrounding the first exon of yan were tested for regulatory
potential in corresponding transgenic flies (M.P, E.R.,
and Z.-C.L., unpublished data). Through this approach,
a 122-bp eye-specific enhancer located approximately
3.5 kb upstream of the first exon was identified (Figure
1M) [1]. In eight out of nine transgenic lines, this enhancer activated expression of a bacterial lacZ reporter
gene within posterior undifferentiated cells of eye discs.
This recapitulates the endogenous yan gene expression
in eye discs with the exception of the MF region (Figure
2A) [1]. The enhancer was unable to drive the reporter
expression in the morphogenetic furrow. Moreover, the
reporter gene expression was not detected in other larval tissues or embryos (data not shown). Three putative
Su(H) binding sites were found in the yan enhancer (Figure 1M). When tested through an in vitro electrophoretic
mobility shift assay (EMSA), the Su(H) protein was shown
to specifically bind to these sequences (Figure 1N). Further, the yan enhancer became inactive in most of the
posterior undifferentiated retinal cells when the Su(H) function was removed (Figure 2B). It is unclear at the moment
why two small patches of cells located in the dorsal and
ventral margins were still positive for the reporter expression (Figure 2B) but the endogenous yan gene was inactive throughout the eye disc in this same Su(H) mutant
background (Figure 1E). All together, these loss-of-function and DNA binding analyses support the notion that
Su(H) is required to promote yan transcription and that
yan is a target gene of Su(H) in the eye.
To test the functional significance of the Su(H) binding
sites, clustered point mutations were introduced
through site-directed mutagenesis. Mutations in S1 (six
out of seven transgenic lines) or S2 (all nine lines) abolished the enhancer function (Figures 2C and 2D), while
mutations in S3 (five out of six lines) had little effect
(Figure 2E). These results indicate that the Su(H) binding
sites S1 and S2 are essential for the yan enhancer function while the S3 site plays a minor role.
Overexpression analysis was carried out to further
address how Su(H) is involved in regulating yan expression. When Su(H) was overexpressed in heat-treated hsSu(H) eye discs, the yan enhancer was downregulated,
contrary to expected results based on Su(H) loss-offunction analysis (data not shown). This effect might be
simply caused by the transcriptional repressor activity
of Su(H) [4, 5]. However, the following evidence indicates
that the repression of the yan enhancer may not be
directly mediated by Su(H). First, overexpression of a
fusion protein Su(H)VP16, which is a transcriptional activator, also resulted in repression of the yan enhancer in
GMR-Gal4/UAS-Su(H)VP16 eye discs (data not shown).
Second, similar results were observed in GMR-Gal4/
UAS-Nintra or heat-treated hs-Nintra eye discs (data not
shown). In the presence of Nintra, Su(H) can be converted
from a repressor to an activator of transcription [4, 5].
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Figure 2. Regulation of the Eye-Specific yan Enhancer

Figure 1. Notch/Su(H) Signaling Is Required for yan Expression
(A–F) (A–C) Wild-type and (D–F) Su(H)AR9/Su(H)SF8 eye discs were
stained with Elav, a neural-specific protein [32] (red, [A] and [D]),
and Yan (green, [B] and [E]) antibodies. (C) was merged from (A)
and (B), and (F) was merged from (D) and (E).
(G–I) A Su(H)D47 clone produced in Su(H)D47/⫹ flies. The lack of GFP
staining (G) defines the boundary of the clone, within which Yan
expression (red) is eliminated (H). (I) was merged from (G) and (H).
(J–L) Eye discs derived from (J) wild-type, (K) Nts (3rd instar eye discs
were treated at 32⬚C for 7 hr before being used for antibody staining),
and (L) GMR-Gal4/UAS-PntP1 were stained with Yan antibodies.
(M) The sequence of the yan enhancer was marked by S1-3 [Su(H)]
binding sites, an Ets binding site (Ets), a basic helix-loop-helix protein binding site (N box), and an Lz/Runt binding site.
(N) The mobility-shift assay shows that Su(H) specifically binds to
S1, S2, and S3. The GST-Su(H) protein [33] was used in the assay,
which was carried out as described [34].

(A and B) Expression of yanO-lacZ examined in (A) wild-type and
(B) Su(H)AR9/Su(H)SF8 eye discs.
(C) mS1 mutant version of yanO-lacZ.
(D) mS2 mutant version of yanO-lacZ.
(E) mS3 mutant version of yanO-lacZ.
(F) mHEX mutant version of yanO-lacZ.
(G) yanQ-lacZ.
(H) yan6Q-lacZ.
(I) mN/RBS mutant version of yanO-lacZ.
(J–L) Expression of yanO-lacZ examined in (J) lzr15/Y, (K) GMR-Gal4/
UAS-E(spl)m7 UAS-E(spl)m8, and (L) GMR-Gal4/UAS-yanACT eye
discs.
One copy of yanO-lacZ was used in (A), (B), (J), (K), and (L). A 22bp sequence derived from yanO (yanQ) was used in (G) and (H).
yan6Q contains six copies of the yanQ sequence. Two copies of
the transgene were present in eye discs shown in (C)–(I). Arrows
indicate the morphogenetic furrow, and anterior is oriented toward
the left in all panels.

One explanation for the discrepancy between N/Su(H)
loss-of-function and gain-of-function results is that
Enhancer of split (E[spl]) genes, which are downstream
targets of N signaling, could be responsible for repress-

An Su(H) binding site (m4S1) of the E(spl)m4 gene was used as a
positive control. Arrows indicate the (A–L) morphogenetic furrow,
and arrow heads indicate the location of a (G–I) Su(H)D47 clone.
Anterior is oriented toward the left in panels (A)–(L).
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Figure 3. RTK Signaling Blocks yan Expression
One copy of yanO-lacZ was present in (A) and (C)–(F), and two
copies were present in (B). GMR-Gal4 was used as a driver.
(A and B) Wild-type.
(C) UAS-torD-DER.
(D) UAS-Ras1V12.
(E) UAS-pntP1 (but UAS-pntP2 did not cause any apparent effect,
data not shown).
(F) pnt⌬78/pntT6 (the same effect was also observed in the pnt⌬88/pntT6
eye disc, data not shown).
(G) yanS1, yanS2, and yanS3 were labeled and used as probes for
binding with GST-YanC [1] and GST-PntC [35] fusion proteins.
(H) The yanS2 probe was used for binding with GST-Su(H) and GSTPntC proteins.
Arrows indicate the morphogenetic furrow, and anterior is oriented
toward the left in panels (A)–(F).

ing the yan enhancer in response to Nintra or Su(H) overexpression. Gain-of-function assays utilizing E(spl) genes
do result in a reduction of the yan enhancer, which will
be discussed in further detail later in the text. Consequently, the potential positive effect of Nintra and Su(H)
on the yan enhancer could be masked by the E(spl)

transcriptional repressors. Secondly, it is also possible
that Nintra and Su(H) might require a cofactor for yan
activation, and the availability of this factor is limited in
eye discs. Evidence indicates that Su(H) binding sites
alone can play a very limited role in regulating transcription in the absence of other factors [6]. Thirdly, yan
overexpression experiments indicate that Yan is able to
negatively regulate its own transcription. Taken together, these results suggest that regulation of the yan
enhancer involves only an activating but not repressing
function for Su(H). When Nintra or Su(H)VP16 was overexpressed in eye discs, the Yan protein level was not apparently changed (data not shown). Again, this could be due
to a balanced effect of Nintra/Su(H) and E(spl) proteins,
which play opposite roles to regulate yan transcription.
E(spl) proteins are basic helix-loop-helix (bHLH) repressors, and most of them (m7, m8, m␤, m␦, and m␥)
are expressed in the posterior undifferentiated cells in
eye discs [7, 8]. When E(spl) proteins (e.g., m7 and m8)
were overproduced in eye discs, the yan enhancer activity was strongly reduced (Figure 2K). Similarly, the level
of Yan protein was also reduced (data not shown). These
results show that yan expression can be negatively regulated by E(spl) proteins. E(spl) proteins might act through
an N box (5⬘-CACAAG-3⬘) [9] in the enhancer (Figure
1M). Interestingly, mutations of the N box didn’t cause
upregulation of the reporter gene, but, instead, the reporter expression was abolished in all three transgenic
lines (Figure 2I). One explanation for this result is that
the N box sequence might be shared by an activation
element located in the region. Indeed, a Runt domain
binding site (RBS) (5⬘-RACCRCA-3⬘, R ⫽ purine) [10]
overlaps with the N box (Figure 1M), which could mediate an effect by the Runt domain protein Lozenge (Lz),
which has previously been shown to act as a transcriptional activator in the developing eye [11]. Supporting
this idea, the yan enhancer was completely inactivated
in lzr15 mutant eye discs (Figure 2J). However, the level
of Yan protein was not apparently affected by the lz
mutation (data not shown). This result suggests that Lz
is not essential for the expression of the endogenous
yan gene and that the loss of lz function could be compensated by other molecules so that yan expression is
unaffected in lz mutants.
A candidate factor that may be involved in this compensation and could cooperate with Nintra/Su(H) proteins
might be a DNA binding protein capable of interacting
with a 5⬘-GAAACC/A-3⬘ sequence. Two direct repeats of
a 5⬘-GAAACC-3⬘ sequence (hexamer, HEX) were found
between S1 and S2 (Figure 1M). The second half of the
S2 site might be considered as a third HEX, since there
is only one variant base (as 5⬘-GAAACA-3⬘). When clustered point mutations were introduced into the first and
second HEX, expression of the reporter gene was abolished in all six transgenic lines (Figure 2F). Therefore, the
HEX element is essential for the yan enhancer activity.
Expression analysis of the HEX repeats provided further
evidence supporting the finding that the hexamer is an
activation element. The reporter gene expression can
be detected over the entire eye disc of all six lines when
a six-copy concatomer of a 22-bp sequence containing
three HEX repeats was used (Figure 2H); although, one
copy of this 22-bp oligonucleotide was not sufficient to
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induce gene expression in eye discs (five out of six lines)
(Figure 2G). We propose that a putative HEX binding
protein functions together with Su(H) and Nintra to activate
the yan enhancer. The nature of the HEX binding factor
remains to be investigated.
An Ets domain binding site (EBS, 5⬘-GGAA/T-3⬘) [12]
was found within the S2 site (Figure 1M). As Yan is an
Ets domain protein and a transcriptional repressor, we
examined if Yan could be involved in autoregulation.
When a constitutively activated Yan (YanAct) [2] was overproduced in eye discs, the reporter gene expression
was strongly reduced (Figure 2L). As Yan is capable of
negatively regulating yan transcription, this autoinhibitory mechanism could be used to prevent overproduction of Yan in undifferentiated cells. DNA binding data
suggests that Yan can be directly involved in this negative regulation (Figure 3G). However, this Yan-mediated
autoinhibitory feedback appears to play a minor role in
regulating yan expression, because the yan enhancer
activity was not apparently affected in yan mutant clones
produced in eye discs (data not shown).
A role for RTK signaling in regulating yan transcription
was investigated. When the RTK pathway was constitutively activated by torD-DER or Ras1V12, the yan enhancer
activity was greatly reduced (Figures 3C and 3D). Thus,
RTK signaling appears to negatively regulate yan transcription, in addition to its effect on Yan protein stability
[13, 14]. The following evidence supports a view that
the inhibitory effect of RTK/Ras1 signaling on yan expression is mediated through the pointed (pnt) gene.
First, overexpression of pnt caused a reduction in the
yan gene activity (Figures 1L and 3E). Second, loss of pnt
function resulted in an upregulation of the yan enhancer
(Figure 3F). Third, the eye phenotypes of yan mutants
were dominantly suppressed by the reduction of pnt
function in a sensitized assay. There were only about
1.3% (n ⫽ 1516) mutant ommatidia in the eyes of yanP/
yanP; pnt⌬78/⫹ flies. In comparison, 20% of the ommatidia were abnormal in yanP homozygotes [1]. Finally,
gel retardation analysis demonstrated that Pnt, also an
Ets domain protein, specifically binds to the S2 site
(Figure 3G). Taken together, these results demonstrated
that Pnt negatively regulates yan expression, and it is
likely that Pnt is directly involved in repressing yan transcription. Although a role of Pnt as a transcriptional
repressor has not been extensively investigated, there
was a case in which pnt was shown to negatively regulate hid transcription in embryos [15]. Interestingly, a
P-DLS motif is present in the Pnt protein (amino acids
356–360 in PntP1), which might mediate interaction with
the transcriptional corepressor dCtBP [16, 17]. At this
point, our data does not exclude the possibility that Pnt
might also activate expression of a repressor, which in
turn switches off yan transcription.
The nesting of an Ets binding site within the S2 site
suggests a possible mechanism whereby the binding of
Pnt could interfere with Su(H)’s DNA binding activity. Indeed, increasing the amount of Pnt effectively
prevented Su(H) from DNA binding (Figure 3H). Such
competition provides a mechanism by which RTK/Pnt
signaling directly antagonizes Notch-mediated lateral
inhibition at the transcriptional level. As Ets binding sites
are nested in many Su(H) binding sites, competitive oc-

Figure 4. A Model for Crosstalk between Notch and RTK Signaling
Pathways
In this model, we propose that Notch signaling acts in undifferentiated cells to promote yan expression and that Su(H) is directly
involved in this process. Both E(spl) and Yan can negatively regulate
yan transcription, which provides an inhibitory feedback mechanism. Once inductive RTK signals are available to initiate cellular
differentiation, the Ets domain protein Pnt blocks yan transcription,
while activated MAP kinase targets the Yan protein for phosphorylation and degradation [13, 14]. Therefore, opposition between Notch
and RTK signals can be mediated at the level of enhancer through
action of nuclear factors such as Su(H) and Pnt.

cupancy of the common sequence could be a general
mechanism for regulating expression of genes targeted
by both Notch and RTK pathways.
We propose that spatially restricted yan expression in
the developing eye is coordinated by actions of multiple
regulatory factors that include Su(H) and Pnt (Figure 4).
Consequently, the yan enhancer provides an interface
for Notch and RTK signals to oppose each other. Our
DNA binding analysis and mutagenesis of yan Su(H)
binding sites provide evidence that supports a cellautonomous role of Notch and RTK signaling in the regulation of yan expression. Interestingly, we observed that
Yan expression was reduced not only in Su(H)D47 clones
but also in some Su(H)⫹ cells that surround the mutant
clones in eye discs (Figures 1G–1I). This result implies
that loss-of-Su(H) function might also cause a cell-nonautonomous effect on yan expression, possibly due to
upregulation of RTK signaling in those Su(H)⫹ cells. This
upregulation may occur via an increase of a diffusible
activator of the RTK pathway due to the loss of Su(H). In
Caenorhabditis elegans, the RTK pathway is negatively
regulated by Notch signaling through transcriptional activation of a MAPK (mitogen-activated protein kinase)phosphatase LIP-1 [18]. Interestingly, cooperation between Notch and RTK signals can also be mediated
at the enhancer level [11]. The model presented here
illustrates a mechanism that should help explain how
progenitor cells are maintained in an undifferentiated
state by Notch-mediated inhibitory signals and how they
can be effectively induced for cellular differentiation by
RTK-mediated inductive signals.
Experimental Procedures
Molecular Analysis and Germline Transformation
Standard methods for DNA analysis were used [19]. Point mutations
were generated by polymerase chain reaction (PCR) and the Quick-
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Change site-directed mutagenesis kit (Stratagene). The individual
element mutagenized were mS1 (5⬘-CCACGGACGT-3⬘), mS2
(5⬘-ATCTCCGCGC-3⬘), mS3 (5⬘-TCGCGGACAT-3⬘), mHex (5⬘-GGA
AACATCGTCTCCCTGCACT-3⬘), and mN (5⬘-GATGCT-3⬘). The mutant sequences are italicized. The 122-bp yan enhancer and its derivatives were cloned into a transformation vector (pCaSpeRhs43␤gal)
[20], which contains a minimal promoter and the bacterial lacZ gene.
Germline transformation was done as described [21].
Genetics and Immunocytochemistry
Mutant strains used in this study include Su(H)AR9 and Su(H)SF8 (M.
Ashburner); Su(H)D47 [22]; Nts (The Bloomington Drosophila Stock
Center); lzr15 [23]; pnt⌬78, pnt⌬88, and pntT6 [13, 14]; hs-Nintra (N. Baker);
hs-Su(H) and UAS-Nintra (J. Treisman); UAS-Su(H)VP16 [24]; UASE(spl)m7 and UAS-E(spl)m8 [25]; UAS-yanACT [2]; UAS-torD-DER [26];
UAS-Ras1V12 [27]; UAS-pntP1 and UAS-pntP2 [28]; and GMR-Gal4
[29]. The Gal4/UAS system was used for overexpression analysis
[30]. Clonal analysis was done as described [31]. Rat anti-Elav (Developmental Studies Hybridoma Bank, University of Iowa), mouse
anti-Yan [1], and rabbit anti-GFP (Santa Cruz Biotechnology) antibodies were used for immunostaining. Texas red anti-rat and antimouse, fluorescein anti-rabbit and anti-mouse, and biotinylated
anti-mouse IgG were the secondary antibodies (Vector Laboratories). Images were collected on a Bio-Rad MRC-1024 Confocal
Laser Scanning System. The ␤-galactosidase activities were monitored by X-gal staining, which was done at 37⬚C for 15 hr, except
for the experiments depicted in Figure 2H (37⬚C, 4 hr) and Figure
3F (37⬚C, 5 hr).
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Abstract Yan is a nuclear DNA-binding protein that acts
as a general inhibitor of cellular differentiation and
proliferation in Drosophila melanogaster. The genetic
and biochemical mechanisms required for regulating Yan
protein function are well understood, however, the
molecular mechanism of yan gene transcriptional regulation has not been fully elucidated. Here we show that the
dynamic expression of the yan gene is specified by
distinct spatial and temporal cis-acting regulatory elements in embryos and larval tissues. Each of these distinct
elements is thus capable of replicating vital aspects of
endogenous yan gene expression.
Keywords Drosophila melanogaster · yan · Regulatory
modules · Enhancer

Introduction
Genes contain predominantly two types of DNA sequences, those sequences that are transcribed and those
required for the instruction of transcription. Throughout
development the transcriptional regulatory regions within
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the genomic DNA carry out their function by activating or
inactivating transcription in a time-, space- and sometimes lineage-dependent manner. In general, studies of
cis-regulatory regions show that separate cis-regulatory
subelements or modules carry out different parts of the
overall regulatory function (review in Arnone and
Davidson 1997). Studies from these modules have given
some insight into a better understanding of the structural
organization presented in the noncoding regions of
eukaryotic genomes. Still, the regulatory elements from
relatively few genes have been studied despite their vital
role in the developmental process. To address this issue,
we report characterization of cis-acting elements that are
responsible for driving Drosophila melanogaster yan
gene expression in the developing embryo and imaginal
tissues.
The yan gene encodes a member of the E twenty six
(ETS) DNA-binding family of proteins composed of a
broad array of molecules involved in many diverse
processes including proliferation, differentiation, transformation and apoptosis (Yordy and Muise-Helmericks
2000). Yan protein is known to be a general inhibitor of
differentiation and proliferation in embryo and larval
tissues. Studies have shown that the subcellular nuclear
localization and stability of the Yan protein are regulated
through phosphorylation by Ras-mediated mitogen-activated protein kinase (MAPK) signaling (reviewed in
Schweitzer and Shilo 1997; Treisman and Heberlein
1998; Hsu and Schulz 2000; Rebay 2002). In the above
studies the major regulatory components of the Yan
protein are detailed but they do not address the transcriptional regulatory elements of the yan gene. For this study,
genomic fragments encompassing a 20-kb region surrounding the first exon of the yan locus were tested for
their potential to drive expression of a lacZ reporter gene
in transgenic flies. We show that specific sections of this
20-kb region are sufficient to drive expression of the lacZ
reporter in a spatial and temporal pattern similar to wildtype yan expression.
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Materials and methods

In situ hybridization and whole-mount immunostaining

Drosophila stocks

Yan antibody and b-gal RNA double staining was done as
described by Cadigan et al. (1998). Yan antibody was used at the
same concentration as in the previous section. LacZ DNA to be
transcribed by RNA polymerases was made by using the Lig’n
Scribe No-Cloning Promoter Addition Kit (Ambion). Digoxigeninlabeled single stranded RNA probe was used for hybridization.
Binding of the probe was detected using an alkaline phosphatase(AP) conjugated anti-Dig-AP Fab fragment antibody (1:200) and
color visualized using NBT/BCIP color detection (Roche Molecular Biochemicals). Images were photographed on a Zeiss Axiophot
compound microscope.

All stocks were maintained on standard yeast-agar medium at 18 or
25C.
Generation of reporter constructs
Genomic DNA encompassing the 5' yan locus was subcloned from
lFIX genomic clones (Fig. 1a; Lai and Rubin 1992). Constructs
were cloned into the pCaSpeR-AUG-bgal, pwnbE (vector containing a nuclear localization signal) or pBluescript KSII+ vectors
(Stratagene). Constructs K to P were generated by PCR and
standard molecular techniques (Fig. 1b). DNA isolated from
positive clones was examined for proper orientation by either
restriction enzyme digests and/or by DNA sequencing. All P[lacZ,
w+] transgenes were introduced into w1118 and/or w; Dr1/TM3,
SbD2–3 embryos as described in Rubin and Spradling (1982) and
mapped to chromosomes following standard protocols. For each
reporter construct multiple (at least three) independent insertions
were obtained. Further information about construct design can be
supplied upon request.
Immunocytochemistry and histology
Embryos were fixed and stained using a mouse anti-b-galactosidase
antibody (Price and Lai 1999). Eye discs from third instar larvae
were immunostained with mouse a-Yan antibody (1:50 dilution)
fixed with 4% formaldehyde as described by Wolff (2000). In both
embryo and eye tissues primary antibodies were detected using a
biotinylated goat anti-mouse antibody (1:200) and Vecta staining
reagents for color development (Vector Laboratories). Staining to
detect b-galactosidase (b-gal) in third instar tissue was preformed
as in Wolff (2000). For double labeling antibody detection was
followed by b-gal staining. All images were photographed on a
Zeiss Axiophot compound microscope.

Fig. 1a, b A schematic diagram of the Drosophila melanogaster
yan locus and genomic fragments used in making lacZ reporter
constructs. a A restriction map of the genomic yan locus showing
BamHI (Bm), EcoRI (RI), SacI (S), and XhoI (X) restriction enzyme
sites. The positions of exons in the yan locus are represented by
boxes with the coding region in black. Also, in black is the
predicted gene CG15383 of unknown function located upstream of
the yan locus. Arrows indicate direction of gene transcription. As a
marker for yan gene expression, the yanP enhancer trap line was

Results and discussion
The yan gene plays a critical role in regulating proliferation and differentiation throughout development (reviewed in Schweitzer and Shilo 1997; Treisman and
Heberlein 1998; Hsu and Schulz 2000). It is detected in
ovaries and throughout embryogenesis. Previous studies
during larval development have demonstrated that Yan is
only expressed in the CNS and developing eye. It is not
detected in any other larval tissues (Lai and Rubin 1992).
Thus, yan’s expression pattern shows a high degree of
complexity and specificity that correlates well with Yan
function. To better understand how these complex
expression patterns are generated a transgenic approach
was undertaken to identify the cis-regulatory elements or
modules necessary for yan expression. Through this
approach, we identified key module elements capable of
instructing gene expression in a manner that mimics the
endogenous yan gene. Figure 1a depicts a schematic
diagram representative of the yan locus and Fig. 1b shows

used. This line contains a P-element insertion in the first intron and
expresses b-galactosidase (b-gal) in tissues and stages in which
Yan protein and mRNA are detected. b Genomic fragments used to
make lacZ reporter constructs. Multiple independent transgenic
lines for each construct were generated through germ line
transformation. Solid black lines (A, B, C, D, E, G, J, L and O)
denote fragments that drive lacZ expression while gray lines (F, H,
I, K, M, N, and P) do not drive any expression in the embryos or
larval tissues examined
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Fig. 2a–o yan-lacZ expression in the developing eye and central
nervous system (CNS). a–j Anterior is to the left and the red arrow
demarcates the morphogenetic furrow (MF). a–f b-Gal detection in
the eye discs. a b-Gal detection for the yanP line; b–f detection for
different transgenic lines. g–h’ Double-labeled eye discs with antiyan antibody (brown) and b-gal (blue) show a delay of b-gal
protein expression based on activity. Inserts (g’, h’) are enlargements of boxed regions in g and h. i, j Antibody/in situ double
staining for Yan protein (brown) and b-gal transcript (purple)
within and posterior to the MF. i A control with the lacZ sense

probe; j Co-localization with the lacZ antisense probe. k–o b-gal
detection in the third instar larval CNS. k yanP drives b-gal
expression in the laminar precursor cells (LPCs) of the optic lobes
in the CNS. In addition to expression in LPCs, yanP expression is
seen in a number of cells throughout the brain and ventral ganglion
(k). A-lacZ (l) drives expression in the LPCs of the optic lobes
while B-lacZ (m) drives transcription in distinct cells within the
optic lobes and ventral ganglion. G- and J-lacZ (n, o) both show
LPC expression similar to A-lacZ

the area represented by the genomic fragments used in
making the lacZ reporter constructs. Each filled box
(black) represents a module region that mimics, in part,
the yan gene expression pattern throughout fly development. As can be seen in Fig. 1b the transcriptional
regulation of the yan gene requires a broad range of
genomic information spanning over 20 kb. However, we
will also demonstrate that although complete yan expression requires a large section of genomic information
smaller fragments are capable of regulating individual,
temporal and spatial components of yan’s expression
pattern.

yan cis-acting regulatory modules in larval eye discs
In the developing third instar eye, Yan protein is
expressed in all undifferentiating cells within and posterior to the morphogenetic furrow (MF). Its role in these
cells is to maintain their undifferentiated state until the
proper signaling, via the RTK pathway, induces them to
differentiate into photoreceptors or other cells of the
ommatidium. In our initial analysis of the large yan
genomic fragments A to E, only A and B are able to drive
gene expression in the eye imaginal discs. As a control for
b-gal expression we used yanP, an enhancer trap line
within intron 1 of the yan gene (Figs. 1a, 2a), that has
been demonstrated to recapitulate yan gene endogenous
expression (Lai and Rubin 1992). Fragment A drives a
pattern similar to yanP expression (Fig. 2a, b) while B
drives expression in subretinal cells likely corresponding
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to glial cells (Fig. 2c). This glial cell expression has not
been detected in previous experiments looking for Yan
protein (Lai and Rubin 1992; Price and Lai 1999).
Therefore, it is possible that fragment B lacks a repressor
element normally present in the surrounding genomic
DNA.
Analysis of the A fragment demonstrated that increasingly smaller fractions of this DNA are sufficient to drive
lacZ expression within the eye (G-, J- and L-lacZ; Fig. 2d,
e, and data not shown). A minimum regulatory sequence,
O-lacZ (Fig. 2f), consisting of 122 bp of the original A
fragment was able to drive gene expression in the larval
eye disc (Rohrbaugh et. al. 2002). Also, O-lacZ was eyespecific driving expression in no other tissue (data not
shown). To determine if Yan protein and reporter
expression were overlapping we double-labeled eye discs
with an anti-yan antibody (brown) followed by a b-gal
detection assay (blue). Again, yanP was used as a control.
As shown in Fig. 2, a low level of b-gal activity for yanP
is detected within cells in the MF and a high level in cells
posterior to it (Fig. 2g, g’). Similar results were seen in a
double-labeling experiment using anti-Yan and anti-b-gal
antibodies (data not shown). Fragments A-, G-, J-, L- and
O-lacZ (only O shown; Fig. 2h, h’) also show limited
activity within the MF. However, all drive reporter
expression in all Yan-positive cells posterior to the MF.
To directly address whether the yan-O fragment is
sufficient to drive transcription within the MF we looked
at lacZ transcript by in situ analysis. Figure 2j shows a
double-labeling of Yan antibody and lacZ mRNA while
Fig. 2i shows a negative control for lacZ mRNA
detection. As can be seen, lacZ transcript is present
within the MF in a pattern corresponding to Yan protein.
This result is in contrast to Fig. 2h’ which indicates that
the majority of b-gal protein expression is posterior to the
MF. Combining the results of these two experiments
demonstrates a delay between the detection of lacZ
transcript and b-gal protein expression. This may be due
either to a delay in translation of the lacZ mRNA or a
need for an accumulation of the b-gal protein to sufficient
detectable levels. Thus, this data demonstrates that the
yan-O fragment is sufficient to regulate the complete yan
expression pattern in the eye-imaginal disc within and
posterior to the MF. This is contrary to our previous
report based on b-gal activity and Yan protein expression
that indicated that the yan-O fragment was insufficient to
drive expression within the MF (Rohrbaugh et al. 2002).
yan cis-acting regulatory modules in the larval CNS
In the larval CNS protein data demonstrates yan expression in the laminar precursor cells (LPCs) of the optic
lobe (Price and Lai 1999), which suggests a role for yan in
CNS development. However, Yan protein function at this
stage has yet to be defined. In contrast, yanP is detected in
the LPCs and in various cells throughout the brain and
ventral ganglion (Fig. 2k). In our reporter analysis
expression in the brain seems to be very compartmental

in its organization. Fragments A (Fig. 2l) and B (Fig. 2m)
together completely regenerate yanP expression. Fragment A expression mimics Yan protein in LPCs while
fragment B drives expression in the ventral ganglion and
in cells throughout the brain similar to yanP.
Due to the similarity of fragment A and Yan expression data, further analysis of the A fragment was
conducted. A smaller fragment, J-lacZ (Fig. 2o), was
capable of recapitulating A fragment expression. When
the J-lacZ fragment was divided even further expression
in the LPCs was eliminated. The smaller fragments
derived from J were not able to mimic even a portion of
the J-lacZ expression within the CNS. Therefore, the 800bp J-lacZ fragment is the smallest module able to
replicate Yan expression within the CNS. Together,
regulatory sequences from J and B fragments appear to
be sufficient to drive gene expression similar to that of the
endogenous yan gene.
Complex yan cis-acting regulatory modules in embryos
Previously, yan mRNA has been detected in embryos as
early as stage 5 in the neurogenic region and dorsal
ectoderm. During gastrulation (stage 6), yan mRNA and
protein expression become restricted to the head region
and ectoderm layer, and are absent along the ventral
midline (Gabay et al. 1996; Price and Lai 1999). Later in
embryonic development (stage 11), Yan protein is
detected in cells near the tracheal pits and in cells close
to the ventral midline in the epidermal layer. Finally, in
late embryonic development yan expression becomes
confined to head and midline developing regions (Rogge
et al. 1995; Scholz et al. 1997; Dumstrei et al. 1998; Price
and Lai 1999).
In our analysis, b-gal expression is first seen during
germ band elongation. In stage-10 embryos, A-lacZ
(Fig. 3c) drives expression in the ventral ectoderm and
head in a manner resembling Yan protein pattern (Fig. 3a;
Price and Lai 1999). Nevertheless, some differences in
expression are obvious. A-lacZ drives strong expression in
cells close to the midline where yanP (Fig. 3b) and Yan
protein expression are not detected. This aberrant expression is possibly due to the absence of an inhibitory or
repression element positioned outside of A that may
regulate yan expression in midline cells. This element
might prevent or minimize yan transcription in cells near
the midline under normal developmental conditions thus
precluding detectable expression.
Other fragments that drive expression during stage 10
are D- and E-lacZ located within the first intron (Fig. 1).
D-lacZ drives a fairly general pattern of expression in the
ventral ectoderm (Fig. 3d) and head while E-lacZ drives
expression in lateral stripes in the ectoderm and at low
levels in the head (Fig. 3e). Interestingly, cells positive for
A-lacZ and E-lacZ expression in stage 9–10 embryos
together regenerate a pattern in the ventral ectoderm
similar to Yan protein staining (data not shown).
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Fig. 3a–w Complex embryonic
reporter gene expression from
constructs A to E. a, f, l, r, u
Stage-specific anti-yan antibody
detection for embryos. a–e A
ventral view of stage-10 embryos. f–q A dorsolateral view
of stage-11 and 13 embryos are
shown. a–e A-, D-, and E-lacZ
stage-10 embryos drive b-gal
expression in a subset of the
ectoderm in a similar pattern to
Yan immunostaining. Detection
can be seen for each construct
in subset regions in the head
and ectoderm but none completely reiterates endogenous
expression. One aberration is
seen with A-lacZ which shows a
strong expression in cells near
the midline whereas yanP and
Yan protein have no detectable
staining. At this stage B- and ClacZ drives no expression. In a
dorsolateral view of stage-11
embryos (f–k) Yan protein and
yanP expression is still seen in
the ectoderm in addition to cells
near the tracheal pits. A striped
pattern of expression is also
seen in the ectoderm of stage-11
embryos from A-lacZ, D-lacZ,
and E-lacZ. For the first time BlacZ drives expression and it
can be seen in a small number
of cells in each segment near
the tracheal pits. In stage-13
embryos (l–q) expression is
limited to the ectoderm and
tracheal system. b-Gal expression is detected in the ectoderm
of stage-13 embryos from AlacZ, D-lacZ and E-lacZ. Only a
small number of cells in each
segment express b-gal in stage13 embryos from B-lacZ flies.
In lateral (r–t) and dorsal (u–w)
views of stage-15 embryos, ClacZ and D-lacZ, expression is
detected in cells along the dorsal midline and in the developing head, a pattern not seen with
Yan antibody
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Later in germ band extension (stage 11), constructs A-,
D-, and E-lacZ continue to contribute to expression in the
epidermis with A- (Fig. 3h) and D-lacZ (Fig. 3j) having
patterns most closely resembling Yan and yanP (Fig. 3f,
g). Expression in the head region at this stage is still
evident in both A-lacZ and D-lacZ, but not in E-lacZ lines
(Fig. 3k). At this stage, for the first time, B-lacZ (Fig. 3i)
begins to drive reporter expression. B-lacZ drives a very
restricted pattern of expression in cells that are consistent
with the clusters of Yan-positive cells located behind and
beneath the tracheal pits (Gabay et al. 1996; Price and Lai
1999).
Throughout stage-13 embryos, b-gal expression in
yanP (Fig. 3m) correlates with the Yan immunostaining
pattern (Fig. 3l) where expression is detected at a lower
level in the epidermal cells and at a higher level in the
tracheal system. At this stage of embryonic development,
constructs A-, D- and E-lacZ (Fig. 3n, p, q) drive
expression in a pattern consistent with yanP and Yan
protein. B-lacZ (Fig. 3o) continues to drive a very
restricted pattern in the cells beneath the tracheal pits.
In embryos undergoing dorsal closure (stages 14–16),
C- and D-lacZ drive reporter expression within the head
region in cells consistent with forming the optic lobes
(Fig. 3r–w). Specific expression is also detected in rows
of cells along the dorsal midline, a pattern not seen with
Yan antibody staining (Fig. 3r, u). This midline expression can be seen as early as stage 13 in both C- and DlacZ embryos (data not shown). These cells along the
midline are known to play a role in the circulatory system
(reviewed in Cripps and Olson 2002) and may indicate a
greater function than previously thought for yan in cardiac
development. Data from Halfon et al. 2000 supports the
observation that yan is involved in cardiac development
by showing that an increased number of Even-skipped(Eve) positive pericardial progenitor cells can be detected
in a yan mutant background. Thus, with the similarity in
the expression pattern of our reporter constructs within
midline cell development and the known involvement of
yan in cardiac progenitor cells, there is a likely role for
yan in cardiac development that has yet to be fully
understood. This midline expression is unlikely to be due
to positional effects because it can be detected with
multiple independent insertions with two different transgenes.
One concern regarding the midline expression from
our reporter constructs is that this pattern is not seen with
yanP or Yan protein staining. In the case of yanP, it may
be due to the location of its P-element insertion. Sequence
analysis indicates that the enhancer trap line insertion lies
within the genomic region mutual to both C- and D-lacZ
transgenic lines. This insertion may be disrupting an
endogenous enhancer element preventing the yanP line
from exhibiting midline expression. However, there may
be a repression element in the endogenous situation that is
missing in C- and D-lacZ transgenic lines allowing for
easier disclosure of b-gal. As for the low level of Yan
protein in midline cells, perhaps this results from a

dynamic turnover of Yan protein leading to decreased
immunodetection.
yan cis-acting regulatory modules in ovaries
Genetic studies demonstrate that flies homozygous mutant for yan have a fertility phenotype indicating a
requirement for Yan in ovaries (Lai and Rubin 1992).
Indeed, Yan protein is expressed in follicle and nurse cells
within ovaries (Price and Lai 1999). However, none of
our yan genomic fragments are able to drive gene
expression within these cells. Based on this data, we
assume that the genomic requirement for regulating
expression within ovaries may be mediated either by
regulatory regions that lie outside the area covered in this
analysis or by a combination of elements from different
regions within the yan locus area studied.
Synopsis
In this paper we have described how cis-acting module
elements can impact yan gene expression. Also, we have
identified new potential areas of yan expression relating
to function not detectable with previous methods.
Through in vivo analysis, we have demonstrated that
the genomic region surrounding the yan first exon
contains regulatory modules sufficient to drive gene
expression in embryos, larval CNS and eye imaginal
discs. Fragments A to E contain most of the information
necessary for yan expression in embryos. In the larval
CNS, B- and J-lacZ can replicate previous expression data
and in the developing eye the 122-bp O module contains
the minimal information needed to specify gene expression mimicking yanP and the Yan protein pattern. Taken
in combination, this data indicates that the yan-lacZ
transgenes recapitulate most of the expression patterns of
the endogenous yan gene. Thus, this data highlights the
high degree of complexity required within and between
cis-acting regulatory elements for the proper timing and
patterning of yan transcription.
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