Evolution of Transcriptional cis-Regulatory
Modules in the Fly Genital Disc

Introduction and Motivation:
While numerous papers have demonstrated the power of comparative genomics to identify cis-
regulatory modules (CRMs) in metazoan genomes'~, there has been significantly less
investigation into how evolution shapes the architecture of these regions to modulate their
functionality. It is known that there exist orthologous pairs of CRMs that have had significant
shuffling of binding sites for the regulating transcription factors (TFs), yet have largely
conserved function®. Conversely, within a given species, one can find many examples of
enhancers that are bound by the same collection of TFs, yet drive expression in fundamentally
different ways®. One can easily imagine that this would also be the case when looking between
species—that there would exist orthologous pairs of CRMs that, because of slight

modifications, drive expression differently.

It is believed that there is a flexible grammar to the “cis-regulatory code,” where some
alterations in the number and spacing of binding sites for the regulating transcription factors
have little or no effect on regulatory function (where “regulatory function” is taken to mean the
spatio-temporal pattern in which the CRM acts to enhance or repress transcription), while other
classes of alterations have a strong effect”®’. A current limitation to the systematic
examination of CRM evolution and grammar, however, is the lack of a sufficiently large
collection of examples. One would ideally like a group of CRMs with the following three
properties: 1) It would be a large collection of pairs of orthologous CRMs from two distinct
species; 2) all CRMs-pairs in the set would be bound by (roughly) the same collection of TFs,
and one would know what these TFs are; 3) approximately half of the CRM-pairs would be
functionally equivalent and approximately half of the CRM-pairs would be functionally
distinct (in order to have examples of each type), despite all being bound by the same set of
TFs. This third criterion is especially difficult to satisfy, since the organisms under
consideration would have to be sufficiently close to have their genomes aligned (otherwise one
would not be able to identify orthologous CRMs), but such evolutionary proximity could result

in largely identical mechanisms of regulation. Therefore, in order to have a sufficient number



of both functionally equivalent and functionally distinct CRMs, one must look in a biological

system where selection has driven two recently divergent species to generate differences.

We propose genital disc development in Drosophila as a candidate model system. It is known
that the external genitalia of the species D. melanogaster and D. pseudoobscura have greatly
different morphology despite their close evolutionary proximity, and it has been postulated that
selection has driven this divergence in order to prevent unfruitful inter-species copulation®”.
Recently, there has been tremendous progress in understanding the transcriptional regulatory
networks underlying patterning of the genital disc, and the relevant pathways are ancient and
largely conserved between the two species. It is known that the TF doublesex (dsx), which
initiates the regulatory program responsible for sex-specific (i.e. male vs. female) morphology,
acts in conjunction with the hox proteins during the third instar larvae stage at the three most
posterior abdominal segments (A8-A10). Additionally, it is known that the signaling proteins
wingless (wg), decapentaplegic (dpp), and hedgehog (hh) set up morphogenic gradients, and
hence the TFs downstream of these signaling pathways (dTCF, mad, and ci, respectively) are
also involved in regulating the transcriptional networks underlying this patterning. Although
several enhancers regulated by the TFs mentioned above have been found in D. melanogaster,
in order to truly address CRM grammar and evolution, a much larger set is needed (as is a

thorough understanding of the orthologs of these CRMs in D. pseudoobscura)."’

We propose a high-throughput strategy for generating and validating such a large set of
enhancers. Our approach is both computational and experimental, but does not require the
development of any new technologies or methods. The approach is hierarchical, proceeding
from general to specific, where the most parallel experiments are performed first, and the most
laborious and gene-specific experiments are performed last. During this initial set of
experiments, we do not intend to study the discovered CRMs in great depth (i.e. we do not
intend to do mutagenesis studies to footprint all binding sites); rather, our goal is to develop a
large collection of candidate genital disc CRMs that have sufficient supporting experimental
evidence to be of use for high-level questions on the evolution of transcriptional regulation.
We do hope, however, that this candidate list will be examined more closely by our group and

others in later experiments, and that it will thus be a resource to the greater community.



Aim 1: Perform expression arrays on D. melanogaster

We will begin by performing expression arrays on D. melanogaster females at the third instar
larvae stage (a crucial patterning stage in genital development)’’. In order to enrich for genes
that are specifically up- and down-regulated in the genital disc, we will use flies that express
green-fluorescent protein (GFP) under the control of GALA4, driven by an abdB promoter''; at
this stage of development abdB is expressed exclusively in the A8 segment which is the
progenitor of the female genital disc (we have chosen to use females, as there is not currently a
driver for A9, the male progenitor segment)'>. We then intend to perform FACS on the flies to
isolate a pure population of female genital disc cells. We will perform Affymetrix expression
arrays on these sorted cells, and will also perform expression arrays on a heterogenous
population of female third instar larvae fly cells (i.e., non-sorted) in order to have a reference
population to determine fold-change. This technique of performing arrays on sorted fly cells

has been successfully applied by several groups on other fly tissues.'*"

Aim 2: Computational Search for Candidate Enhancers
Several groups have shown that it is possible to find developmental enhancers for D.
melanogaster in silico, provided that one begins with a regulatory model that is composed of

candidate TFs with known binding specificities.'*'®!”

The TFs in our model ( the hox genes,
dTCF, ci, mad, dsx) are all well-characterized, and we intend to modify the program of (/6) to
simultaneously take multiple TFs as input (this program generates a quantitative score
measuring the likelihood that a given region of sequence is an enhancer). We will run this
program on the regions adjacent (i.e., upstream, downstream and intronic) to D. melanogaster
genes that exhibited significant up- or down- regulation in the genital disc from the expression
arrays in Aim 1, with the intention of generating a large list of candidate CRMs. Once such a
list of D. melanogaster CRMs has been generated, we will then remove all those candidates
that do not have D. pseudoobscura orthologs (where “orthology” is defined as at least 70%
identity over at least 100 bp, as determined by the UCSC BLAT alignments'®). This will give

a list of candidate pairs of genital disc CRMs common to D. melanogaster and pseudoobscura.

Aim 3: Chromatin Immunoprecipitation of Candidate Enhancers



We expect to identify a large collection of candidate enhancers from Aims 1 and 2 (indeed, this
is a central goal of the project). In order to get a broad understanding of which of these
candidate CRMs are most likely to be functional, we will perform chromatin
immunoprecipitations (ChIPs) on each region in both D. melanogaster and D. pseudoobscura,
followed by quantitative PCR. Reliable polyclonal antibodies for all D. melanogaster TFs
under consideration currently exist and, because they are polyclonal, they are likely to also
work for D. pseudoobscura. Although one would ideally like to perform genome-level
location analyses comparable to those done in yeast'’, whole-genome arrays do not yet exist
for D. melanogaster, and are unlikely to exist in the near future for D. pseudoobscura.
Fortunately, the quantitative PCRs can be multiplexed, and the number of regions inspected
will not be so numerous as to make this set of experiments overly laborious (if more than one
hundred regions are obtained during Aims 1 and 2, then we will restrict to one-hundred

randomly chosen regions).

Aim 4: In Situ hybridizations on candidate genes in D. melanogaster and D.
pseudoobscura

For genes adjacent to all candidate regions from Aim 3 with significant binding, we intend to
perform in situ hybridizations in both D. melanogaster and D. pseudoobscura in order to reveal
patterning differences. Note that this step is a necessity, as many of the genes are likely to
have different patterns of expression between the species, yet not have differences in absolute
levels of expression (thus, the expression analysis of Aim 1 is not sufficient to reveal
differences in expression between the two species). Once these in situs have been performed,
we will use a recently developed software package that is capable of taking in situ images and
measuring differences in expression between embryos®. We also intend to perform in situ
hybridizations for all TFs inspected, to control for the fact that the differences in expression
could be due to trans-, rather than cis-, evolution. Indeed, we hope that it will be a mixture of
both types of change, in order to get a better understanding of which mechanisms are more

commonly used.
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