CIS-REGULATORY INTEGRATION OF INTRINSIC TRANSCRIPTION FACTORS
WITH TARGET-DERIVED SIGNALS IN NEURONAL DIFFERENTIATION

by

Chung Yiu Jonathan Tang

B.Sc., The University of British Columbia, 2007

A THESIS SUMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF

MASTER OF SCIENCE

in

The Faculty of Graduate Studies

(Cell and Developmental Biology)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

August 2009

© Chung Yiu Jonathan Tang, 2009



ABSTRACT

We now know that expression of the appropriate terminal differentiation genes (TDG) ,
such as neuropeptides, neurotransmitters, ion channels, et cetera, in maturing neurons is
controlled by cell-specific combinations of transcription factors and by signals secreted from the
neurons’ target cells. However, it is unclear how these two regulatory inputs are integrated inside
neurons. In Drosophila, target-derived Bone Morphogenetic Protein (BMP) signals and a well-
characterized combinatorial code of transcription factors activate expression of the FMRFa gene
in the Tv neurons. Here, I performed a cis-regulatory analysis of FMRFa in order to understand
how the two factors functionally intersect. Mutant analysis reveals that 4 of the 7 known
FMRFa regulators, Apterous, BMP signalling, Dachshund and Zfh1, all regulate the expression
of the Tv enhancer, a 446 bp cis-regulatory element that faithfully reproduces FMRFa
expression in the Tv neurons. Within the Tv enhancer, I identified a functional module, termed
HD/BRE-A, that is predicted to respond to both BMP signalling and the homeodomain
transcription factor Apterous. I also verified that Apterous and the BMP factors, Mad and
Medea, can directly bind to HD/BRE-A in vitro. Furthermore, transgenic analyse indicate that
the positioning between the Apterous and Medea binding site is critical for Tv enhancer
activation, suggesting a strict physical requirement for simultaneous association of these factors.
Taken together, my results supports a model of cis-regulatory integration of BMP signaling and

homeodomain transcription factors in the regulation of TDGs.
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1. Introduction

1.1. Neuronal specification of BMP-dependent genes in the Drosophila nervous system

1.1.1. Gaps exist in our knowledge of neuronal terminal differentiation

Neuronal identity is marked by the gene expression profiles of neurons. When a neuron
exits the cell cycle, it has been fated to become a specific neuronal subtype, but it has not
completely achieved terminal differentiation, as defined by the expression of genes important for
mature neuronal function. These genes, hereafter referred to as terminal differentiation genes
(TDGs), include neuropeptides, neurotransmitters, neurotransmitter biosynthetic enzymes, ion
channels, et cetera. In general, TDGs mediate neuronal communication through their influence
on synaptic transmission, neuropeptide/neurotransmitter processing and secretion, etc. The
activation of these genes occurs throughout the life of a neuron and depends on the neuron’s
intrinsic complement of transcription factors (TFs), as well as extrinsic signals derived from
target cells. The integration of these two inputs results in the cell-specific expression of TDGs in
the nervous system. Despite this knowledge, we know very little about how these two inputs
integrate to specify TDG expression. Since extrinsic target-derived signalling and intrinsic
transcription factors primarily regulate gene activity at the transcriptional level, a cis-regulatory
analysis of target genes may reveal general mechanisms of TDG specification in post-mitotic

neurons.
1.1.2. Significance

To date, almost nothing is known about how post-mitotic neurons convert target-derived
signals into specific profiles of TDG expression. It is crucial to gain a better understanding of
this process because many brain diseases arise from defects in synaptic connections. These
defects can in turn result in the dysregulation of TDGs. For example, the expression of
neuropeptides and neuropeptide-processing enzymes are disrupted in the brains of Alzheimer’s
disease patients (Saito et al., 2005; Saito et al., 2003). Likewise, the onset of Schizophrenia has
been linked to abnormal changes in the expression of neuropeptides and neurotransmitters
(Boules et al., 2007; Lewis and Levitt, 2002; Stephan et al., 2006). Thus, by studying the

interaction between TFs and target-derived signals in their regulation of TDGs, we can gain



insights into the mechanism behind dysregulation of TDG expression. This new knowledge can

be applied to the design of preventive and therapeutic treatments of many brain diseases.

1.2. Background/Literature Review

1.2.1. Neuronal terminal differentiation

The acquisition of entire sets of TDGs is a prolonged process that occurs over the
lifetime of a neuron and depends on intrinsic and extrinsic factors (Edlund and Jessell, 1999;
Hippenmeyer et al., 2004; Koo and Pfaff, 2002). Intrinsically, TFs, inherited from neuronal
precursors or activated at the time of a neuron’s birth, can dictate a neuron’s differentiation
program. TFs are DNA binding proteins involved in gene regulation. They act by binding to
specific sequences, or motifs, in the cis-regulatory regions of genes. This in turns lead to the
activation, de-repression or silencing of genes, depending on the molecular context. Thus, the
cell-specific expression of many neuronal genes can be attributed to the selective activation of
TFs in subset of neurons (Hobert and Westphal, 2000; Hunter and Rhodes, 2005; Jessell, 2000;
Shirasaki and Pfaff, 2002). Homeodomain-type TFs play a particularly critical role in this
process (Briscoe and Novitch, 2008; Dasen et al., 2005; Landgraf and Thor, 2006; Shirasaki and
Pfaff, 2002; Skeath and Thor, 2003; Thaler et al., 2004). A simplistic view of TDG regulation in
post-mitotic neuron comes from studies in C.elegans. In this organism, which has only 302
neurons, only one or two TFs are required for a neuron’s entire repertoire of TDGs (Etchberger
et al., 2007; Wenick and Hobert, 2004). However, in higher organisms such as Drosophila
(~300,000 neurons) and mammals (billions of neurons), combinations of 5-10 TFs may be
required to activate a TDG in specific cells (Allan et al., 2005; Allan et al., 2003; Jorgensen et
al., 2004). Some of these TFs may cluster into modules at the cis-regulatory regions of TDGs,
thereby increasing the specificity of gene expression in the nervous system (Jorgensen et al.,
2004). Others TFs may control TDG expression through indirect ways, such as through the
control of axon pathfinding, and the ability to sense target-derived signals (Allan et al., 2003).

Besides TFs, TDG activation can also require extrinsic signals derived from target cells.
These retrograde signals help to shape a neuron’s properties to ensure functional compatibility
between pre- and post-synaptic cells. Signalling molecules such as TGF-/Bone Morphogenetic
Proteins (BMP), neurotrophins, and cytokines are all target-derived signals important for the



proper differentiation of maturing neurons (Allan et al., 2003; Ernsberger and Rohrer, 1999;
Hippenmeyer et al., 2004; Nishi, 2003; Xu and Hall, 2006). They act via the activation of
signalling pathways which affect many gene regulatory mechanisms in a cell. Notably, the same
signalling pathway may control the transcriptional activation of different TDGs in different
neuronal contexts, suggesting interplay between target-derived signalling and cell-specific
transcription factor codes (Coulombe and Kos, 1997; Coulombe and Nishi, 1991; Pavelock et al.,
2007). Thus, a key to understanding the diversification of TDG expressions in the nervous

system is the mechanistic knowledge of the interplay between intrinsic and extrinsic factors.
1.2.2. Drosophila as a model to study neuronal terminal differentiation

Attempts to address these problems require manipulation of signalling pathways and TF
expression. This has been met with many technical problems in vertebrates, as mutations of TFs
and signalling components (pertinent to this study) often result in embryonic lethality or aberrant
specification of neuronal populations (Harrison et al., 1999; Lechleider et al., 2001; Monuki et
al., 2001; Oppenheim, 1989; Pfaff et al., 1996; Sheng et al., 1996; Sirard et al., 1998; Sofroniew
et al., 2001; Thaler et al., 1999; Tremblay et al., 2001; Yang et al., 1998). Drosophila
melanogaster is an ideal model organism for this objective because disruption of signalling
pathways and TFs pertinent to this study do not always lead to embryonic lethality or neuronal
lineage re-specification (Allan et al., 2005; Allan et al., 2003; Benveniste et al., 1998; Miguel-
Aliaga et al., 2004). In cases where embryonic lethality does occur, measures can be taken to

allow for embryo survival up to the developmental stage of interest.

Drosophila possesses a much simpler nervous system than mammals, making it easier to
study individual neurons. To illustrate, the late embryonic/larval Drosophila ventral nerve cord
(VNC) consists of ~10,000 neurons, whereas mammalian nervous systems are estimated to have
between millions to billions of neurons. Moreover, the genes and mechanisms of neuronal
terminal differentiation are well-conserved between invertebrates and vertebrates (Arendt, 2005;
Arendt and Nubler-Jung, 1996, 1999; Thor and Thomas, 2002), including the role of target-
derived signals Bone Morphogenetic Protein (BMP) signalling (Allan et al., 2003; Hodge et al.,
2007; Nishi, 2003) (Figure 1.1). Furthermore, the availability of a wide variety of genetic tools
and databases make it very convenient to study individual neurons in Drosophila. To illustrate,

a large collection of GAL4 drivers is available in the fly community. These drivers allow for the
3



cell-specific expression of UAS-transgene or RNAI in overexpression or knockdown
experiments (Brand and Perrimon, 1993; Dietzl et al., 2007; Duffy, 2002). Lastly, the recent
advent of an optimized transgenesis system utilizing the phiC31 integrase has reduced the time
and workload needed to generate numerous transgenic flies (Bischof et al., 2007). This system
allows for site-specific integration of transgenes into genomic DNA, making it ideal for direct

comparison of enhancer-reporter variants.
1.2.3. Neuronal diversity mediated by single target-derived signals

One of the key questions surrounding neuronal differentiation has to do with how a
common target-derived signal induces different responses in different neurons. A survey across
vertebrate species showed that signals conducted through the same pathway can be interpreted in
different ways by different neurons (Coulombe and Kos, 1997; Coulombe and Nishi, 1991,
Pavelock et al., 2007). This apparent dilemma may be explained by differences in the
complement of TFs that are expressed in different neurons. However, it remains a mystery as to
how neuron-specific TFs integrate with the same target-derived signals to turn on different
TDGs. To address this issue, our laboratory has recently identified numerous BMP-dependent
TDGs that are expressed in different subsets of neurons, and regulated by different combinations

of cell-specifically-expressed TFs.
1.2.4. The BMP pathway

BMP ligands are well-conserved members of the TGF-f family of signalling molecules
(Schmierer and Hill, 2007). In neurons, BMPs are important for intercellular communication,
synaptic growth, and neurotransmitter release in vertebrates (Ai et al., 1999; Guha et al., 2004;
Hall et al., 2002; Hodge et al., 2007; Lee-Hoeflich et al., 2004; Pavelock et al., 2007; Shen et al.,
2004; Sun et al., 2007; Withers et al., 2000; Xu and Hall, 2006) and in Drosophila (Aberle et al.,
2002; Allan et al., 2003; Eaton and Davis, 2005; Marques et al., 2002; McCabe et al., 2003;
Rawson et al., 2003). Canonical transduction through the BMP signalling pathway is well
characterized and well conserved (Fig.1.1) (Affolter et al., 2001; Massague and Gomis, 2006;
Massague et al., 2005; Massague and Wotton, 2000; Schmierer and Hill, 2007; Shi and
Massague, 2003). In Drosophila neurons, BMP signalling is initiated when the target-derived
BMP ligand Glass bottom boat (Gbb) binds to the type-II BMP receptor Wishful Thinking (Wit)

4



(Allan et al., 2003). This ligand-receptor interaction results in the recruitment and
phosphorylation of the type-I BMP receptor Saxophone (Sax) or Thickveins (Tkv). The type-I
receptor then proceeds to phosphorylate the cytoplasmic Smads, Mothers against
decapentalplegic (Mad), to generate phosphoMad (pMad) (Fig. 1.1). Phosphorylation of Mad is
believed to expose its nuclear localization signal and allow for nuclear localization through
interactions with Importin-B (Xiao et al., 2000). pMad can interact with the common-non-
phosphorylated Smad, Medea, to form the pMad/Medea complex. The pMad/Medea complex
then translocates into the nucleus, where it elicits transcriptional response. pMad/Medea acts as
a TF, which binds Mad (GRCGNC) and Medea (GTCT) binding motifs (together called BMP
response element, or BRE) (Gao and Laughon, 2007; von Bubnoff et al., 2005). pMad and
Medea are well described to bind DNA somewhat weakly and often require interactions with
additional TFs (Affolter et al., 2001; Attisano and Wrana, 2000; Gao and Laughon, 2007,
Massague and Wotton, 2000; Shi and Massague, 2003; Wotton and Massague, 2001). Such
interactions not only increase DNA binding affinity but also increase target gene specificity.
Therefore, it is conceivable that the BMP signal may be diversified by the interaction of
pMad/Medea with different TFs in different neurons.
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Figure 1.1. The BMP signalling pathway. A BMP ligand is bound to the tetrameric receptor complex comprised
of Type II and Type I BMP receptors. Upon binding to the ligand, the type II receptor phosphorylates the Type I
receptor, which then goes on to phosphorylate Mad, generating pMad. Phosphorylation exposes the NLS of Mad
and allows for its nuclear localization through interactions with Importin-B. pMad then binds to Medea to become
pMad/Medea, which is translocated into the nucleus and induces franscriptional response.

1.2.5. Functional intersection between HD TFs and the BMP/TGF-p pathway

Homeodomain-containing (HD) TFs make up a family of DNA-binding proteins that is
involved in all stages of developmental hierarchy in a wide range of species, and notably play a
critical role in nervous system development (Briscoe and Novitch, 2008; Dasen et al., 2005;
Landgraf and Thor, 2006; Shirasaki and Pfaff, 2002; Skeath and Thor, 2003; Thaler et al., 2004).
Common to this family of proteins is an evolutionarily conserved DNA-binding domain that
generally binds to the TAATNN consensus sequence (Berger et al., 2008; Noyes et al., 2008).
Amongst HD TFs, additional specificity is conferred by their differential preferences for variants
of this basic HD-binding sequence (Berger et al., 2008; Noyes et al., 2008; Svingen and
Tonissen, 2006).



Recent studies have pointed to a role for HD TFs as co-factors for the BMP pathway
(Brugger et al., 2004; Faresse et al., 2008; Grocott et al., 2007; Lamba et al., 2008; Li et al.,
2006; Suszko et al., 2008; Walsh and Carroll, 2007; Zhou et al., 2008). Enhancer analysis on the
BMP-dependent msx2 gene in mouse showed that a phylogenetically conserved sequence
containing closely associated BRE and HD sequences was able to induce BMP-dependent gene
expression not only in its host species, but also in Drosophila (Brugger et al., 2004). Similarly, a
tight coupling of BRE and HD was also found in the BMP-dependent sal gene in Drosophila
(Walsh and Carroll, 2007). The spacing between BRE and HD is crucial for function, as
demonstrated by the loss of reporter activity when these two motifs are physically separated
(Walsh and Carroll, 2007). Using a series of bandshift assays and loss-of-function experiments,
Walsh and Carroll (2007) further showed that the sal regulator Ubx, a HD TF, can indeed bind to
the sal enhancer through the aforementioned HD motif. Taken together, these findings suggest
an evolutionarily conserved partnership between homeodomain and BMP (via pMad and Medea)
signalling in gene regulation. However, it is still unclear what the relationship is between these
two TFs in BMP-dependent neuronal differentiation, and which HD factors may interact with

BMP signals in the terminal steps of neuron-specific differentiation.

1.2.6. FMRFa, a well-characterized BMP-dependent neuropeptide

FMRFa was the first BMP-dependent neuropeptide found in the Drosophila ventral
nerve cord (VNC) (Allan et al., 2003). FMRFa is notably expressed in a group of 6 neurons
termed the Thoracic ventral (Tv) neurons (Fig.3.2) (Schneider et al., 1993). At embryonic stage
17, the Tv neurons establishes axonal connection with the neurohemal organ, which in turns
secretes the retrogradely-transported BMP-ligand Gbb to activate the expression of FMRFa in
the Tv neurons. FMRFa is regulated by a unique Tv neuron-specific TF code that includes the
LIM-HD TF apterous (ap), the basic Helix-loop-Helix TF dimmed (dimm), dachshund (dac),
eyes absent (eya) the Zinc finger TF squeeze (sqz) and the zinc-finger homeodomain TF zinc
finger homeodomain 1 (zfhl) (Allan et al., 2005; Allan et al., 2003; Miguel-Aliaga et al., 2004;
Vogler and Urban, 2008) (Fig. 1.2). Amongst these TFs, apterous is of particular interest
because it is the only TF in the ‘FMRFa combinatorial code’ that is required in all TF
combinations known to induce ectopic FMRFa expression. In addition, these TF combinations

fail to trigger ectopic FMRFa expression in a wif mutant background, suggesting a requirement
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for BMP signalling in Apterous activation of FMRFa (Allan et al., 2005; Allan et al., 2003;
Miguel-Aliaga et al., 2004). Whether there is a connection between BMP-signalling and any of

the intrinsic FMRFa regulators remain unknown.

1.2.7. Tv enhancer

Previously, a 446 bp FMRFa enhancer was identified to be sufficient for Tv-neuron
expression of FMRFa (Benveniste et al., 1998), hereafter referred to as the Tv enhancer. Loss-
of-function genetic experiments indicate that apterous and zfhl can regulate expression of the Tv
enhancer (Benveniste et al., 1998; Vogler and Urban, 2008). In the Tv enhancer, three predicted
HD binding sites are bound by Apterous in vitro and at least two of them are essential for
reporter activity in vivo. In this work, these sites will be denoted as HD-A, HD-B and HD-C, in
accordance with previous work (Benveniste et al., 1998). Despite this understanding, it is
unknown whether the Tv enhancer is also regulated by target-derived BMP signalling, or by
other TFs of the FMRFa combinatorial code.

T ar ot Transcription factors

BMP signal —__|

/ / )Tv ceII/\

Target gene

Figure 1.2. Neuronal identity is determined by intrinsic and extrinsic factors. Here, the target-derived signal
(BMP ligand, light blue circle) is converted into a signal transducer (pMad) in the Thoracic ventral (Tv) neuron.
This signal transducer translocates into the nucleus, where it integrates with a combinatorial TF code (Dimmed
(Dim), Ap (Ap), Squeeze (Sqz), Zthl and Dachshund (Dac) to turn on the neuropeptide FMRFa. Details of pMad
formation and translocation in described in Figure 1.1.



1.3. Rationale/Hypothesis/Objectives

FMRFa is the best characterized target-dependent TDG in any model system. Thus, it is
most ready for an in-depth cis-regulatory analysis to understand how TDGs are controlled by
target-derived signalling and intrinsic transcription factors. Since BMP signalling and FMRFa
intrinsic transcription factor codes primarily regulate gene expression at the transcriptional level,
I propose that they integrate at the cis-regulatory regions of FMRFa. Notably, I propose that the
homeodomain transcription factor Apterous is a key integrator with BMP signalling due to its
central role in FMRFa activation and its ability to directly bind the Tv enhancer. The Tv
enhancer provides a convenient tool to test our ideas because it narrows down FMRFa regulation

in the TV neurons to a 446 bp DNA fragment.

In this thesis, I hypothesize that BMP signalling acts directly with Apterous at the Tv
enhancer to cell-specifically regulate the expression of FMRFa.

My project aimed to:
1.) Determine whether BMP signalling regulates the Tv enhancer.

2.) If so, identify the BMP-responsive elements in the Tv enhancer and their relationship to

Apterous-responsive elements.

3.) Examine the ability of the BMP-activated molecules to associate with the Tv enhancer, and

with Apterous.



2. Materials and methods

2.1. Fly Genetics

The following fly stocks were used: w'’ 18, apterous: ap’”d5 “ (a P element P{GawB}

insertion 5bp upstream of the apferous promoter, a strong hypomorphic allele referred to here as
apGAL4 (O'Keefe et al., 1998)), ap”** (amorphic apterous allele (Bourgouin et al., 1992)), UAS-
apterous (Allan et al., 2003); wishful thinking: wit'*? (null allele, nonsense point mutation
before transmembrane domain (Marques et al., 2002)); wit®! (point mutant that acts as a genetic
null (Marques et al., 2002)); dachshund: dac’ (amorphic allele due to 25kb insertion (Tavsanli
et al., 2004)), Df(2L) Exel7086 (a dac deficiency, here referred to as dac™y, UAS dac (Miguel-
Aliaga et al., 2004); eyes absent: eyaE ! (nonsense mutation that acts as strong hypomorphic
allele (Bui et al., 2000), eya“"#P (nonsense mutation that acts as a genetic null (Bui et al., 2000),
Zfhl: zfh"%% (a P element P{PZ) insertion 52bp upstream of the promoter of the longest
transcript that is known to be a protein null in Tv neurons (Justice et al., 1995; Vogler and
Urban, 2008)); Enhancer trap line OK6°* that expresses GAL4 in most if not all
motorneurons (Aberle et al., 2002); Tv-enhancer FMRFa-lacZ transgenic insert pWF-E17
(Benveniste et al., 1998); Tv-nEYFP wildtype and mutant reporter flies were injected into flies
bearing an attP acceptor site at P2 (Chr 3) by Genetics Services Inc, Cambridge, MA;
(www.geneticservices.com). attP2 was found to provide optimal reporter activity over two other
sites, attP16 and attP40 (see Appendix A). The integrase lines were maintained as homozygous
stocks.

Mutants were kept over CyO, Actin-GFP or TM3, Ser, Actin-GFP balancer

1118

chromosomes. w’!/® was typically used as a control. All crosses were maintained at 25°C on

standard cornmeal food.

2.2. Molecular Biology/Transgene Construction

2.2.1. pHS mCherry-nls attB was constructed in the following way: The loxP-UAS-MCS-
SV40polyA cassette was excised from the pUAST attB vector (Bischof et al., 2007) by Nhel and
Spel sites, and the backbone overhangs were filled-in using Klenow fragment. The blunt-ended

vector was then ligated with an EcoRV-loxP-MCS-hsp70TATA-nuclear mCherry-early SV40
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polyA-attB-Swal cassette, made as described below. The MCS-hsp70TATA-nuclear mCherry-
early SV40 polyA portion of the pH mCherry vector (C.Y.J.T, Allan lab; generated from
pHStinger (Barolo et al., 2004)) was fused to the attB portion of pUAST attB using splicing by
overlap extension (Horton et al., 1990) Amplification of the fused product was done using a 5’
primer carrying an EcoRV-loxP-Mlul overhang, and a 3’ primer containing a Swal-Zral
overhang. Several improvements were made to the loxP/attB backbone to facilitate a more
diverse range of cloning tasks. First, three unique restriction sites were introduced: 1.) a Mlul
site was placed between the loxP and MCS region. 2.) an Avrll site was engineered between the
SV40 early polyadenylation signal and attB sequence. 3.) a Zral site was placed immediately 3’
of the attB sequence. Second, three commonly used restriction sites, BamHI, Nhel and Spel
were turned into unique sites in this new vector. Notably, Spel is now positioned immediately 5’
of the SV40 early polyadenylation signal, allowing for convenient exchange of reporters when

used in concert with the unique Agel site, located immediately 5° of the mCherry gene.

Primers for generating EcoRV-1loxP-MCS-hsp70TATA-nuclear mCherry-early SV40 polyA-

attB-Swal cassette are as follows:

1% segment:  5°-GTGTGTGTGCTAGCATAACTTCGTATAATGTATGCTATACGAAGT
TATACGCGTGCATGCTGCAGCAGATCTGGTCT -3’
5’ — ATACATTGATGAGTTTGGACAAACC -3’
2" segment: 5’ — GTCCAAACTCATCAATGTATCCTAGGGTCGACGATGTAGGTCAC
GG-3°
5" - CCCCATTTAAATGACGTCGTCGACATGCCCGCCGTGAC -3’
Fused product: 5’ — CGCCGGGGATATCATAACTTCGTATAATGTATG -3’
5" = CCCCATTTAAATGACGTCGTCGACATGCCCGCCGTGAC

2.2.2. TV"'-nEYFP and TV -nEYFP attB. The 446 bp Tv cis-regulatory fragment was
amplified from genomic DNA (Oregon R) and engineered to have Xbal and EcoRI restriction
sites on the 5” and 3’ ends, respectively. This fragment was cloned into Xbal and EcoRI
digested pHS mCherry-nls attB, generating pHS Tv-mCherry.nls attB. However, this reporter
was found to be weakly expressed in transgenic flies. Thus, mCherry.nls was excised from the
pHS-Tv-mCherry-nls-attB vector through Agel and Spel restriction sites, and the remaining
backbone was ligated to an nEYFP.nls fragment carrying 5’-Agel and 3’-Spel overhangs,
generating pHS-Tv-nEYFP-nls-attB, here referred to as Tv*-nEYFP. Subsequent mutant
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constructs, TvV™*-nEYFP, were all cloned into this construct via replacement of the wildtype Tv

sequence through Xbal and EcoRI restriction sites. All Tv mutant fragments were generated by

PCR-based mutagenesis. Ty™/5C

was the first mutant generated and conveniently served as
the template for many single- and double- mutant combinations. Primers used to generate all

mutants are listed in Appendix C, Table C.2.

2.2.3. Insulated Tv-nEYFP.nls anB. Using pStinger (Barolo et al., 2004) as a PCR template, the
5’ insulator element was amplified and engineered to carry 5’-Mlul and 3°BgllII restriction sites
while the 3’ insulator element was amplified and engineered to carry 5’-Avrll and 3’-Spel
restriction sites. The MIul/BglII digested 5’ insulator PCR product was cloned into the
MIul/BgllI restriction sites in pHS-Tv-nEYFP-nls-attB. The resultant vector was then digested
with Avrll and ligated with the Avrll/Spel digested 3” insulator PCR product. Both insulator
elements were inserted in the same orientation relative to the MCS-reporter cassette as that in

pStinger.

Primers for insulator elements

5’ insulator:  5° — TTTTACGCGTATGCATCACGTAATAAGTGTGCG -3’
5" = TTTTCCAGATCTGCTGCAGCATGC -3’

3’ insulator: 5 — TTTTCCTAGGCACGTAATAAGTGTGCGT -3’
5" - GGGGACTAGTAATTGATCGGCTAAATGG -3’

2.2.4. Tv-mCherry in pGL3 for S2 cell transfection — To construct the Tv-mCherry.nls
reporter, the ~1.1 kb Tv-hsp70TATA-mCherry.nls fragment was amplified from pHS-Tv-
mCherry (unpublished CYJT, Allan Lab) and engineered to be flanked by HindIII/Xbal
restriction sites. This fragment was used to replace the HindIII-Juc-Xbal fragment in pGL3,
generating pGTv-nmC. To generate the Tv mutant mCherry constructs, mutant fragments were
excised from the pHS Tv mutant nEYFP-attB vector via Xbal/Xho I restriction digest while the
wildtype Tv fragment was excised from the pGTv-mC via Nhel/Xhol restriction digest. The
Xbal-Tv mutant-Xhol fragment is then ligated to the Nhel-pHS-NEYFP-attB-Xhol backbone,
producing the corresponding Tv mutant mCherry vectors. Wildtype and mutant Tv cis-
regulatory fragments were excised from their respective nEYFP-attB vectors by digestion with
Xbal/Xhol, and cloned into the pG-mCherry.nls.

12



2.2.5. HA-Ap in pActS.1 — The HA-tagged Apterous cDNA construct for expression in S2 cells
was made from cloning a Kpnl/Xbal fragment excised from pCDNA3M-HA-Ap (Linda Jurata)
into the Kpnl/Xbal restriction sites in the pAct vector (a gift from Eric Jan, UBC).

2.2.6. GST LIMless Ap in bacterial vector — In order to minimize interference from the LIM
domain on Ap DNA binding in vitro, a truncated, LIM-less Ap coding sequence (Benveniste et
al., 1998) flanked by EcoRI/BamHI sites was amplified by PCR from pCDNA3M-HA-Ap
(Linda Jurata) and cloned into pGEX-2TK via the EcoRI/BamHI restriction sites.

2.3. EMSA/Protein Synthesis
GST-MadN, GST-LIMless Ap and MBP-MedN were expressed in Rossetta bacteria

cells, purified under non-denaturing conditions and dialyzed into storage buffer of 20mM
HEPES pH 7.8 (25.6 degrees), 50mM KCI, ImM DTT, and 10% glycerol. Aliquots were stored
in -80 degrees until use.

EMSA probes were made from annealing of complementary single stranded
oligonucleotides, followed by end-labelling with gamma P32 ATP (Amersham Biosciences)
using T4 Kinase. Probes were purified using Centrispin-20 separation columns (Princeton
Separations) and counted for radioactivity. Rabiolabelled probes (50,000 cpm) were incubated
with purified proteins in a solution containing 20mM HEPES pH 7.8, S0mM KCl, ImM DTT,
lmg/ml BSA, 0.25mM EDTA. As an exception, 50ng poly dIdC-dIdC was included in EMSA
reactions involving HA-LIMLess Ap to reduce non-specific binding. After 30 minute incubation
at room temperature, samples were loaded onto a pre-run 5% polyacrylamide gel at 100V, and
then electrophoresed at 200V at room temperature for approximately 25 minutes in 0.5X TBE
buffer. Gels were exposed to phosphor screens (Molecular Dynamics) and imaged on

phosphoimager (Typhoon). All probe sequences used are listed in the appendix.

2.4. Immunohistochemistry/Confocal Imaging
2.4.1. Immunohistochemistry protocol

The following antibodies were used: anti-FMRFa (1:500) (Peninsula Laboratories Inc.),
anti-B-Galactosidase clone 40-1a (1:100), anti-Eyes absent (1:100) (both from the
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Developmental Studies Hybridoma Bank). Immunolabeling was carried out using standard
protocols as previously described (Allan et al., 2003).

2.4.2. Confocal imaging and analysis procedure

All images were acquired on an Olympus FV1000 confocal microscope as multiple TIFF
files representing individual Z-stacks. All images for comparison were taken from tissues that
were processed simultaneously, mounted on the same slide, and imaged with identical confocal
settings, using Nyquist optics and setting the high/low so as not to saturate the most intense
fluorescent pixels. To count numbers of Tv neurons expressing Tv-nEYFP, we only included
VNC’s in which all six Tv neurons were identified (using anti-FMRFa immunoreactivity). Of
these, we analyzed Z-stacked images and counted the number of nEYFP-expressing Tv neurons
by eye. For measurement of fluorescence intensity, we imaged every identified Tv neuron
(using anti-FMRFa immunoreactivity) in each CNS collected. Raw files were imported into
Image J (US National Institutes of Health) for analysis. For each Tv neuron, we compressed all
Z-slices spanning whole Tv neurons using the Z-projector function, set to sum the pixel
intensities from each Z-slice. Each Tv neuron was outlined and the mean of the summed pixel
intensity for each neuron was measured. Background fluorescence intensity was corrected for by
subtracting a directly adjacent region of background (of equal size to the Tv neuron) from the
same summed Z-stack for each Tv neuron. The resulting value for each Tv neuron was then
incorporated as a single datum point towards the mean fluorescence intensity for each
experiment. To normalize data across multiple time points and genotypes, we further expressed

each datum point as a percentage of the mean of the 7v*-nEYFP control for that experiment.

2.5. Co-immunoprecipitation

One and a half million S2 cells were transiently transfected with 0.3ug per plasmid type
of pAct5.1-HA-Ap, pAct5.1-FLAG-Mad, pAct5.1-myc-Medea and pAcS5.1-TkvQD (generous
gifts from Konrad Basler) in a 6 well plate using Effectene (Invitrogen). Forty-eight hours after
transfection, cells were lysed on ice for 30 minutes in SO0mM Tris-HCI pH 8.0, 150mM NaCl,
1% NP40, 2mM EDTA plus protease inhibitors and Phosstop phosphatase inhibitors (Roche).
After pelleting of cell debris, the supernatants were isolated and pre-cleared with protein A/G
sepharose beads for 1 hour at 4 degrees Celsius, 1000ug of cell lysate was then used for
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immunoprecipitation of HA-Apterous with Qug or 2ug of rabbit anti-HA (ab9110, AbCam)
overnight at 4 degrees Celsius. On the second day, protein A/G sepharose beads were added to
immunoprecipitated antibody-antigen complexes for 2 hours at 4°C. This was followed by
washes in cell lysis buffer and then boiling of beads to elute immunoprecipitated products in 2x
SDS loading buffer. Samples were then loaded for western blot analysis, using 1:500 rat anti-
HA (3F10, Roche), 1:1000 mouse anti-FLAG (M2, Sigma), 1:500 mouse anti-myc (9E10,
Sigma).

2.6. Bioinformatics
The Tv-enhancer sequence was derived from Release r5.18 (May 29, 2009) of the

D.melanogaster genome (downloaded from FlyBase) and is situated at Chromosome 2R:

5792874..5793318. Evoprinter was utilized to rapidly identify the top three non-overlapping
BLAT alignments of the D.melanogaster Tv-enhancer sequence in the genomes of all 12
sequenced Drosophilid species (Odenwald et al., 2005; Yavatkar et al., 2008). For each eBLAT
that aligned to the D.melanogaster Tv enhancer piece, we performed both a BLAST search (in
Flybase) and a BLAT search (in UCSC Browser) of that sequence on the pertinent species’
genome. We then examined whether that sequence was near the FMRFa gene for that species.
For every species, only the 1% BLAT was in the vicinity of the FMRFa for each genome, and in
all cases was found 5’ of the FMRFa gene. These are all shown in Appendix G. To account for
potential annotation failures of additional FMRFa genes, that may lie within the region of
eBLAT?2 or 3 sequences, we performed TBLASTN 2.2.21 (NCBI), using the D.melanogaster
FMRFa full length amino acid sequence as a query, to uncover additional FMRFa genes. The
repetitive nature of this polypeptide (with multiple FMRFGR/K motifs) makes it simple to verify
true versus false low identity “hits”. In every case, only one FMRFa gene was found in each
genome and BLAT2/3 sequences were not found to be in the proximity of that FMRFa gene.
These data, utilizing the sequenced genomes currently available for each Drosophila species,
suggest that the Tv enhancer has not been subjected to rearrangement or duplication throughout
the evolution of Drosophila, spanning D.melanogaster to D.grimshawi. These data further

establish that the Tv enhancer is upstream of the FMRFa gene in all species.

UCSC Browser (http://genome.ucsc.edu/cgi-bin‘hgGateway), Galaxy
(http://main.g2.bx.psu.edu/), and a stand-alone downloaded version of the ClustalX graphical
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interface (Chenna et al., 2003; Larkin et al., 2007) were utilized for sequence alignments of the
Tv-enhancer from the twelve Drosophila species. The D.melanogaster Tv-enhancer coordinates
(Chr 2R: 5792874..5793318) was input into the UCSC Browser genome browser search. From
the genome browser, we extracted sequences via the Table Browser using the following criteria:
Region: Position Chr2R: 5792874-5793318 Group: Comparative Genomics; Track:
Conservation; Table: Multizl Sway, with the output set to MAF and sent directly to Galaxy. In
Galaxy, the MAF format was converted into FASTA. The Tv-enhancer comprises two distinct
MAF blocks. These were concatenated using the “FASTA manipulation>Concatenate FASTA
alignment by species” command. The output generated was saved as a .txt file and uploaded into

ClustalX to view aligned sequences.

Alignments shown in Fig.4.3.were 50bp fragments of the Tv enhancer downloaded from
the Genome Browser using the PDF/PS Tab and downloaded as a .pdf file. These were then
coloured in Preview to highlight specific sequence features and selected for upload into this

document using Grab.
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3. Results: Basic Characterization of the Tv enhancer

3.1. An integrase-based T W-nEYFP reporter to study the cis-regulation of FMRFa

In order to dissect the cis-regulation of FMRFa in the Tv neurons, I turned to a detailed
analysis of the 446 bp Tv-enhancer (Benveniste et al., 1998). I utilized the ¢C31 integrase-based
transgenesis system for my transgenic analysis (Bischof et al., 2007). This methodology targets
injected transgenes (carrying the attB sequence) to a specific genomic location (containing the
attP sequence), for stable germline transmission. Since all wildtype and mutant reporters are
integrated into the same genomic locus, position effects are controlled for, and allow for reliable
comparison between wildtype and mutant reporter activities. To utilize this system, I generated
a transformation plasmid containing an attB sequence for site-specific integration into genomic
attP sites, and a nuclear-localized EYFP (nEYFP) reporter placed downstream of the hsp70
minimal promoter (Fig. 3.1 A). All wildtype and mutant Tv-enhancer sequences (See Appendix
C for sequences) were sub-cloned into this plasmid as EcoRI/Xbal fragments and placed
upstream of the minimal promoter. The wildtype Tv reporter will be referred to as Tv*-nEYFP,
while mutant Tv reporters will be referred to as Tv™*-nEYFP, with ™ denoting the nature of
the mutation. I screened numerous well-characterized attP integration sites (see Methods and
Materials) and found that attP2 (Groth et al., 2004) provided optimal reporter expression with
minimal background, as previously reported (Markstein et al., 2008) (see Appendix A, Figure
A.1). Accordingly, all subsequent experiments were conducted with nEYFP reporters inserted
into the attP2 locus (Fig. 3.1 B). Contrary to reports that gypsy insulator elements have a
positively acting effect on reporter expression levels (Markstein et al., 2008), an insulated 7v**-
nEYFP construct (see Materials and Methods) did not show significant difference in activity
from the non-insulated version, suggesting that the effects reported may be cell-specific or

transgene-specific (data not shown). This issue was not pursued any further.

3.1.1. Expression of Tv"-nEYFP

The expression of 7v*-nEYFP in early larval stage 1 (L1) larvae was highly restricted to
Tv neurons, as defined by co-labelling for anti-FMRFa, and was observed in 5.8+0.1 Tv neurons
per VNC (n= 72 VNC’s) (Fig. 3.2). Like the endogenous peptide, Tv**-nEYFP expression

persists throughout the larval stages and is also detectable in adults (Eade and Allan, 2009) (see
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Appendix A, Figure A.2). Taken together, these results indicate that 7v-nEYFP is a faithful

reporter of FMRFa expression in the Tv neurons.

A SV
) Tv hsp70 nuclear early
white loxP enhancer TATA eYFP polyR attB

pHS Tv-nEYFP attB

¥ chromosome

¢CH

integrase

Figure 3.1 Schematic representation of pHS Tv-nEYFP attB and the integrase system.

A. Map of pHS Tv-nEYFP attB showing the main features in the following order, starting from 5’ to 3.
Unique restriction sites introduced to this vector are underlined.

B. Site-specific integration of pHS Tv-nEYFP attB into genomic attP site (attP2). Slanted lines represent
points where flanking sequences are omitted from the Figure.
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Figure 3.2. Tv-nEYFP is a faithful reporter of FMRFa expression.

Projected confocal stack through the Drosophila L1 ventral nerve cord (VNC) expressing nEYFP driven
from the Tv-enhancer (7v-nEYFP; green) and immunostained with anti-FMRFa (blue).

(Top panel) Overlaid image of Tv-nEYFP and anti-FMRFa shows perfect overlap of both signals in the
Tv neurons, indicating that the Tv-nEYFP reporter is a faithful reporter of FMRFa expression.

(Bottom panels) Split fluorophore images, showing individual fluorescent image for 7v-nEYFP (left
panel) and FMRFa peptide (right panel). Note that anti-FMRFa also detects a set of medial neurons
termed the SE neurons. SE neurons are not BMP-dependent nor are they regulated by the Tv-specific
combinatorial code.
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3.2. The Tv enhancer is BMP-dependent and responsive to combinatorial transcriptional
regulation.

In order to determine whether the Tv enhancer is a suitable tool for studying the cis-
regulatory interplay between target-derived BMP signalling and Tv neuron-specific transcription
factor codes, we tested the responsiveness of 7v**-nEYFP to regulators previously found to
regulate endogenous FMRFa expression. In all cases, [ utilized anti-Eyes absent or anti-FMRFa
immunoreactivity to visualize the Tv-cluster in each thoracic hemisegment (Miguel-Aliaga et al.,
2004). Data summary and statistical analysis of all experiments in this section can be found in

Appendix B, Figure B.1.

3.2.1. BMP pathway

Wishful thinking is a BMP type II receptor shown to be essential for FAMRFa expression
(see Introduction). In wishful thinking null mutants wit"pwit® H ), TV'-nEYFP expression was
eliminated, being observed in 0.0+£0.0 Tv neurons per VNC (n= 10 VNC’s, P=4.9 x 102
compared to +/+ control) (Figure 3.3 B and C). I obtained similar results with a 7v-lacZ reporter
(Benveniste et al., 1998) (see Appendix A, Figure A.3). This indicates that, similar to the
endogenous peptide, 7v-nEYFP expression is dependent on target-derived BMP signalling.

3.2.2. Apterous
CALY/ap™*), Tv"'-nEYFP was severely

affected (Fig. 3.3 E), being observed in 0.7+0.3 Tv neurons per VNC (n= 10 VNC’s, P=5.2 x 10

In a strong apterous mutant background (ap

15 compared to +/+ controls). Interestingly, Tv*'-nEYFP was expressed in 3.0+0.4 Tv neurons
per VNC (n= 10 VNC’s, P=1.9 x 10”7 compared to +/+ control) in a heterozygous apterous
mutant background (ap®%¥/+), indicating that apterous is haploinsufficient for Tv-nEYFP
expression (Fig. 3.3 D). Haploinsufficiency for apterous was not observed with endogenous
FMRFa expression and a previously-studied Tv-lacZ reporter (Allan et al., 2003; Benveniste et
al., 1998), suggesting that the heterozygous 7%*-nEYFP reporter provides a sensitive readout for

screening regulators of FMRFa in the Tv neurons.
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3.2.3. Dachshund

Dachshund (Dac) is a FMRFa regulator that can trigger ectopic expression of the peptide
when mis-expressed with apferous in post-mitotic neurons of the Drosophila nervous system
(Miguel-Aliaga et al., 2004). In null dac mutants (Df{2L)Exel7086/dac’), Tv"'-nEYFP
expression was slightly reduced, being observed in 4.8+0.2 Tv neurons per VNC (n= 14 VNC’s,
P=0.0012 compared to controls) (Fig. 3.3 G). This is reminiscent of the slight down-regulation
of FMRFa peptide in dac mutants (Miguel-Aliaga et al., 2004). However, as was the case for
apterous mutants, Tv**-nEYFP was more sensitive than the endogenous peptide was to dac
mutation (Miguel-Aliaga et al., 2004). Furthermore, Tv"*-nEYFP-expressing neurons displayed
visibly weaker reporter activity in dac mutant background than in wildtype background (+/+ or
Df(2L)Exel7086/+) (Fig. 3.3 F, G). Taken together, these results suggest that Dac is a moderate
regulator of the Tv enhancer.

3.24.Zfh 1

Zth1 was previously shown to regulate the expression of FMRFa and the Tv-lacZ
reporter (Vogler and Urban, 2008). I verified that Tv enhancer expression is dependent on Zfh1,
as TvV"'-nEYFP is expressed in 0.7£0.6 Tv neurons per VNC (n=9 VNC’s, P=5x10""! compared
to controls) in a zfhJ hypomorphic mutant background (z/h?%%/zm%%%) (Fig. 3.3 1).

3.2.5. Eyes absent
Next, I examined whether Eyes absent regulates the Tv enhancer. Here, I tested the eya

mutant combination (eya®/eya®"P

) and found that embryos failed to reach late 17/larval stages,
the critical time window for analyzing FMRFa activation. Given the hypersensitivity of 7v"'-
nEYFP, 1 analyzed Tv*"-nEYFP expression in a heterozygote eya mutant background (eyaEl/+)
and found no significant difference compared to wildtype (data not shown). Further

experimentation will be needed to determine the effect of this TF on Tv expression.

3.2.6. Apterous and Dachshund can induce ectopic expression of 7v*"-nEYFP
Next, I tested whether apterous and/or dachshund is sufficient for Tv enhancer activation
by mis-expressing combinations of apterous and/or dachshund in post-mitotic motor neurons

(Miguel-Aliaga et al., 2004) using the OK6-GAL4 driver (Aberle et al., 2002). I found that
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whereas mis-expression of apterous alone failed to trigger any ectopic neurons (0.0+0.0 neurons
per VNC (n=2 VNC’s), mis-expression of apterous and dachshund, or dachshund alone in
motorneurons triggered significant ectopic expression of 7v-nEYFP, being observed in 74.3+£3.8
neurons per VNC (n=3 VNC’s, P=0006 compared to controls) and 51.0+6.2 Tv neurons per
VNC (n=3 VNC’s, P=0.008 compared to controls), respectively (Fig. 3.4 A-D). Mis-expression
of apterous and dachshund is more potent than mis-expression of dachshund alone, as the
combination triggered higher number of ectopic cells (P=0.03 between OK6 GAL4 x UAS dac
and OK6%* x UAS ap, UAS dac) and visibly stronger ectopic nEYFP signals (Fig. 3.4 C, D).
We also detected similar ectopic Tv-lacZ expression from mis-expression of Apterous and

Dachshund in all post-mitotic neurons, using the pan-neuronal GAL4 driver, elayCAEC1%

(see
Appendix A, Figure A.3.). Since mis-expression of dachshund alone could not ectopically
activate an 8.0 kb FMRFa enhancer that includes the Tv enhancer (Miguel-Aliaga et al., 2004),
my result could indicate that the Tv enhancer is hypersensitive to the positive regulatory effects
of dachshund. Lastly, I also tested the ability of another FMRFa regulator, sqz, to activate
ectopic Tv-nEYFP expression when misexpressed in combination with apterous, but failed to

detect any ectopic effect (data not shown).

3.3. Summary
In summary, these results indicate that the Tv enhancer behaves in a similar manner to

the endogenous FMRFa peptide in numerous key regards, and contains sequences required for
both the gain-of-function and loss-of-function phenotypes conferred by manipulation of the
BMP pathway and the FMRFa combinatorial code (Allan et al., 2005; Allan et al., 2003;
Miguel-Aliaga et al., 2004). It should be noted that in all mutants for all genes tested above,
except eya, Tv neurons survive to the point of analysis and they properly innervate the
neurohemal organ (Allan et al., 2003; Benveniste et al., 1998; Miguel-Aliaga et al., 2004; Vogler
and Urban, 2008), suggesting that the decrease in reporter activity is caused by a gene regulatory

defect rather than a cell-wide problem.
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Figure 3.3. The Tv enhancer is regulated by BMP signalling and the FMRFa transcription factor
code. Stacked projection of L1 larval VNC expressing one copy of Tv"-nEYFP (green) in wildtype (A)
and various mutant backgrounds (B-I). 7v-nEYFP expression is dependent on BMP signalling, as shown
in wit mutants (compare B with C). Tv-nEYFP is also dependent upon apterous (compare A with D and
E), dachshund (compare F with G), and zfh! (compare H with I). White font letters at bottom right corner
of images represents number of nEYFP-positive neurons/Tv cluster + S.E.M, as identified using either

anti-Eya or anti-FMRFa.
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Figure 3.4. Misexpression of Apterous and Dachshund induces ectopic Tv-nEYFP expression.
Stacked projection of L1 larval CNS displaying Tv-nEYFP (green) expression pattern after misexpression
of no transgene (A), UAS-ap (B), UAS-dac (C), or UAS-ap, UAS-dac (D), driven by OK6°™. White-
font numbers at bottom right corner of images indicate mean number of ectopic nEYFP-positive neurons

counted in the VNC. S.E.M is also indicated.
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4. Results: Identification of a putative BMP-responsive element.

4.1. Conservation of sequences that are putative homeodomain-Smad integration sites

Since the Tv enhancer is BMP-dependent, it is possible that BMP signalling directly
controls FMRFa transcription in the Tv neurons through Mad and/or Medea binding to this
fragment (see Introduction). If this is true, then one would expect to find sequences
corresponding to consensus Mad and/or Medea binding sites within the Tv enhancer. We further
expected functional Mad/Medea binding sites to be evolutionarily conserved. Thus, we
attempted to identify potential BMP-responsive elements through conservation analysis of the
Tv enhancer sequence (Fig. 4.1). Cis-regulatory elements important for FMRFa expression in
the Tv neurons are expected to be conserved throughout the ~50 million years of Drosophilid
evolution; I confirmed FMRFa expression (using immunostaining for FMRFa) in the
stereotypical Tv neurons (identified using anti-Eya immunostaining) in the CNS of the
Drosophilid species D. ananassae, D. willistoni and D. virilis (see Appendix A, Figure A.4) (Fig.
4.2 A) (Clark et al., 2007; Stark et al., 2007).

We utilized many sequence alignment tools to analyze the Tv enhancer, but found two to
be most useful for our analysis. These are the UCSC genome browser
(http://genome.ucsc.edu/cgi-bin/hgGateway) (Kuhn et al., 2007) and Evoprinter
(http://evoprinter.ninds.nih.gov/evoprintprogramHD/evphd.html) (Odenwald et al., 2005;
Yavatkar et al., 2008). The UCSC genome browser provides a rapid display of best-match, pair-
wise alignments of the query sequence (eg. D.melanogaster Tv enhancer) to all other Drosophila
genomes, using blastz (Chiaromonte et al., 2002)). These are displayed as multiple sequence
alignments of all twelve Drosophila species using multiz (Blanchette et al., 2004), and assessed
for conservation (imaged as “mountains” that delineate degree of conservation) using phastCons
(Siepel et al., 2005). Evoprinter performs three non-overlapping BLAT alignments (Kent, 2002)
with a series of modifications termed enhanced BLAT (eBLAT) (Yavatkar et al., 2008), with the
output being the query sequence (eg. D.melanogaster Tv enhancer) colour-coded to highlight
which bases are conserved across all species selected in a search (Odenwald et al., 2005). One
advantage of Evoprinter is the ability to ‘test’ the conservation of any combination of

Drosophilid species, which assists in filtering out atypical non-alignment of sequences of
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individual species, and to identify highly conserved, duplicated or rearranged sequences between
species.

Here, I show the results of our analysis utilizing UCSC genome browser (Figs. 4.1, 4.3)
and Evoprinter (Fig. 4.2) alignments, with the 446 bp Tv-enhancer as the input query for both.
Notably, the three Apterous-binding HD motifs were found to be absolutely conserved
throughout evolution, except for one base pair mismatch between Drosophila melanogaster and
Drosophila willistoni at position 6 of the third HD motif.

Importantly, we found that each of the three HD motifs is juxtaposed to a conserved
sequence that matches the approximate consensus GSCGNC of a Mad-binding motif. Only one
of those sites, HD-A, also has an adjacent Medea-binding site of the consensus GTCT (Gao and
Laughon, 2007; von Bubnoff et al., 2005). This Medea-binding site is also conserved throughout
Drosophila evolution, except for a single base-pair mismatch in D. ananassae. Together with
the HD sequence, we denote these three sites as HD/BRE-A, B and C. Importantly, HD/BRE-A
was the most conserved module, in all its constituent HD, Mad and Medea-binding sequences, as
well as in their relative spacing. HD/BRE-B and HD/BRE-C were less well conserved in their
putative Mad-binding sequences (Fig. 4.3).
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Figure 4.1: Phylogenetic conservation of the Tv enhancer: (A) Full sequence of Tv enhancer from

D.melanogaster in FASTA format (B) Screenshot from Flybase Genome Browser

(2R:5788096..5798095) showing BLAST hit for the Tv-enhancer (2R: 5792874..5793318; grey bar) of
D.melanogaster Tv enhancer sequence, 5° of the FMRFa gene. (C) PDF output from UCSC Browser

showing multiple species sequence conservation through the Tv enhancer (using phastCons).
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Figure 4.2: Sequence comparison of the Tv enhancer between 12 Drosophila species. (A)
Phylogenetic tree showing evolutionary relationships of the sequenced Drosophilids. Screenshot from
Flybase BLAST homepage (http:/flybase.org/blast/) (B) Evoprint (in EvoDiff format) of the full length
sequence of the D.melanogaster Tv-enhancer; Black capital letters are bases in the D.melanogaster
reference sequence that are absolutely conserved in the D.simulans, , D.erecta, D.yakuba,
D.pseudoobscura, D.virilis or D.grimshawi orthologous DNAs. Coloured bases are bases in the
D.melanogaster sequence that are conserved in all species except the species coloured. The underlined
sequences include HD/BRE A, B, and C in the order highlighted, and are shown in Fig 4.3.
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4.2. Functional analysis of predicted HD/BRE modules

The close association of predicted Mad/Medea-binding sites with HD-binding sites
suggests a functional relationship between Apterous and BMP signalling. Although HD-C was
previously shown to be important for Tv-enhancer expression (Benveniste et al., 1998), nothing
is known regarding the functional role for each of the other HD sites, or the candidate Mad and
Medea sites. To test the functional role of each candidate HD/BRE module, I compared reporter
expression of wildtype versus mutant Tv enhancer sequences, using site-specifically integrated
Tv-nEYFP reporters (as genetic heterozygotes). I examined 7v-nEYFP reporters carrying double
mutations of adjacent Mad and HD binding sites from each HD/BRE module, and detected a
decrease in reporter expression in all cases (Fig 4.4). Whereas Tv*"-nEYFP was expressed in
5.8+0.1 Tv neurons per VNC (n=72 VNCs), T ymMad-A/HD-A a5 expressed in 0.1+£0.1 Tv neurons
per VNC (n=8 VNCs; P=4x10"® compared to wildtype), indicating a near abolishment of reporter
expression. Ty™MeBHDE qnd TymMatCED-C 4id not differ significantly from wildtype reporter in
terms of cell count, expressing in 5.7+0.2 Tv neurons per VNC (n=6; P=0.6 compared to
wildtype) and 5.5+0.2 Tv neurons per VNC (n=6; P=0.2 compared to wildtype), respectively.
However, mutation of HD/BRE B or C did down-regulate reporter expression levels, with the
respective reporters expressing at 26.8+2.7 and 49.8+7.6 % of wildtype fluorescent intensity
(Fig. 4.4; Appendix B, Table B.3,4). These results indicate that all three HD/BRE regions
contain sequences important for Tv expression, but that only HD/BRE-A is critical for Tv-

enhancer activity.

4.3. Functional analysis of putative Mad binding sites

In order to test the contribution of individual Mad-binding sites to the expression of the
Tv enhancer, I examined the effect of mutating individual candidate Mad-binding sites on 7v-
nEYFP activity. Notably, only mutation of Mad-binding site A led to a reduction in reporter
expression. Whereas Tv*"-nEYFP was expressed in 5.8+0.1 Tv neurons per VNC (n=72 VNCs),
Ty™e4_, EYFP was expressed in 3.7+0.5 Tv neurons per VNC (n=7 VNCs; P=2x10"",
compared to wildtype) (Fig. 4.4 C; Appendix B, Table 3, 4). T yMadd_, EYFP also displayed a
strong decrease in fluorescent intensity compared to wildtype (Fig. 4.4 B). In contrast, Ty"™e5.

nEYFP and Ty™4C_nEYFP displayed wildtype expression levels, being observed in 5.9+0.1 Tv
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neurons per VNC (n=9 VNCs; No significant difference compared to wildtype) and 6.0+0.0 Tv
neurons per VNC (n=12 VNCs; No significant difference compared to wildtype), respectively
(Fig.4.4; Appendix B, Table 3). Furthermore, nEYFP intensity in these two mutants did not
differ significantly from wildtype (Fig. 4.4 B and Appendix B, Table 4).

Next, I tested Tv-nEYFP reporters containing all possible combinations of mutant Mad-
binding sites to determine whether Mad-B and C contribute combinatorially to the expression of
the Tv-enhancer. Notably, combination of mutated Mad-A with mutated Mad-B and/or C did
not result in any further reduction in reporter activity from that of mutant Mad-A alone, as
Ty"™Med-4B_y EYRP, Tv"™Med4C_nEYFP and Tv™e44¥C _y EYFP were expressed in 4.0£0.3 Tv
neurons per VNC (n=7 VNCs; P=0.3 compared to T ViMadd_, EYFP), 4.5+0.5 Tv neurons per
VNC (n=4 VNCs; P=0.6 compared to TvV"**4_yEYFP), and 4.0+0.0 Tv neurons per VNC (n=3
VNCs; P=0.7 compared to T* yMad-A_y EYFP), respectively (Fig. 4.4; Appendix B, Table 3).
Moreover, double mutation of Mad-B and C failed to reduce Tv-nEYFP reporter expression

relative to wildtype; v ™5

-nEYFP was expressed in 5.7+0.2 Tv neurons per VNC (n=6
VNCs; P=0.6 compared to wildtype). I also measured fluorescent intensity of Tv-nEYFP
reporters for all mutant combinations above, and confirmed that Mad-B and C sequences play no

significant role in Tv-enhancer activity (Fig. 4.4 B; Appendix B, Table 4).

4.4. Summary of bioinformatics and HD/BRE analysis

Taken together, these results indicate that only HD/BRE-A contains functional motifs
predicted to bind the BMP second messenger/transcription factor Mad. Importantly, double
mutation of Mad-A and HD-A caused a more severe down-regulation of reporter activity than
that of Mad-A alone, suggesting that HD-A is also functional. Furthermore, since neither
mutation of Mad-B nor C affected Tv expression, it is likely that mutation of HD-B and C
contributed solely to the decrease in reporter activities of Tv™ ¥ HD-E_y, pyFp and TymMed-C/HD-
C_nEYFP, respectively. Thus, HD/BRE-A is the most likely candidate region for direct
regulation by the BMP pathway. Given the juxtaposition of Mad, Med and HD binding motifs at
HD/BRE-A, this module may also serve as the integration point between BMP signalling and a

homeodomain transcription factor, which we postulate to be Apterous.
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Figure 4.4. Expression analysis of heterozygote Tv-nEYFP reporters. (A). Schematic representation
of Tv-nEYFP and numerous mutant versions of the reporter. Predicted Mad-binding sites (yellow) and
known homeodomain-binding sites (red) are highlighted. Mutated sites are represented by X. Expression
states of wildtype and variant reporter are measured as relative fluorescence intensity (B) and mean
number of nEYFP-positive neurons/Tv neuron (C). (B). Relative fluorescence intensity is plotted directly
next to the corresponding reporter shown in (A). Asterisks indicate a P value <0.0001 when compared to
Tv-nEYFP. Ty™at4mHD-4 o Ty@leons30 are not shown for intensity, due to the low to zero number of
nEYFP-positive Tv neurons, respectively. Error bars represent S.E.M. N/A indicates not available, as
the specified samples have little to no YFP neurons available for quantification. (C). Mean number of
nEYFP-positive neurons/Tv neuron is tabulated in the same order as the reporters shown in (A). Anti-
FMRFa was used to visualize the Tv neurons in all cases. Asterisks represent P value <0.0001 when
compared to Tv-nEYFP.
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S. Results: Transgenic analysis of HD/BRE-A

5.1. Detailed analysis of HD/BRE-A.
Although both HD and candidate Mad-binding motifs of HD/BRE-A were shown to be

essential for Tv-enhancer activity (Chapter 4), it was unclear whether the consensus Medea

binding sequence, hereafter referred to as Med-A, is also functional. Furthermore, it was unclear
whether each predicted motif in the module acts independently or acts synergistically with one
another. In order to address these issues, I performed a more detailed analysis of HD/BRE-A. 1
used homozygous Tv-nEYFP reporters in all subsequent experiments because they display
stronger fluorescent signals and improves one’s ability to distinguish the intensity profile of

weak-expressing Tv-enhancer mutants.

5.1.1. Mad-A and HD-A
To begin my analysis, I re-examined the effects of mutations of Mad-A and HD-A on
homozygous reporter activities. First, I verified that Mad-A is required for Tv expression.

Although homozygous Tv™"#%4

-nEYFP was expressed in the normal number of Tv neurons, at
5.840.3 Tv neurons per VNC (n=4 VNCs, P=0.10 compared to wildtype), its expression levels
was strongly reduced, at 30.7+3.8 % of wildtype nEYFP intensity (n=23 neurons, P=2.7 x 10°
compared to wildtype) (Fig. 5.1; Appendix B, Table 5, 6). I also tested whether a more subtle
mutation of Mad-A would disrupt reporter expression. In 7v™*4-# | mutated 4 bases out of
the 9 bp sequence, as opposed to mutation of 6 bases in TymMad-A (Fig. 5.1; Appendix C, Table
C.1). I found that Tv"™**4-%P_,EYFP did not significantly differ from 7v"* in either cell
count or expression level; Tv™4-4P_, EYEP was observed in 5.7+0.3 Tv neurons per VNC
(n=3, P=0.046 compared to wildtype, P=0.84 compared to Tv”'Mad'A-nEYFP) and expressed at
20.5+3.5 % of wildtype nEYFP intensity (n=47 neurons, P=1.2x10% compared to wildtype,

P=0.09 compared to Tv"™4) (Appendix B, Table 5, 6).

Second, I found that HD-A alone is critical for Tv activation. TV P4 nEYFP was
expressed in 0.4+0.2 Tv neurons per VNC (n=7 VNCs, P=1.4 x10™ compared to wildtype) and
at 9.7+£7.0 % of wildtype nEYFP intensity (n=5 neurons, P=0.00027) (Fig 5.1). To determine
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whether Mad-A and HD-A are independently-acting motifs, I examined reporters bearing a
double mutation of Mad-A and HD-A site. Interestingly, I found that 7v™Me@-4HD-4_, pyEp did
not differ significantly from reporters bearing mutation of HD-A alone; Ty™/e4-4H>-4_y pypp
was observed in 1.0£0.0 Tv neurons per VNC (n=2, P=2.5 x 10% compared to wildtype, P=0.19
compared to TV P4y EYFP) and expressed at 5.3=1.7 % of wildtype nEYFP intensity (n=3
neurons, P=0.0023 compared to wildtype, P=0.65 compared to V"4 pEYFP). While the
sample size is small, these results suggest that HD-A is epistatic to Mad-A, and is contrary to the
model that the two motifs act independently of each other. However, one issue with this
interpretation is that the expression levels are so low in the Tv™™>4-nEYFP that it may be
difficult to precisely ascertain any differences between the single HD-A mutant and double HD-
A/Mad-A mutant. This may be resolved by adding increasing numbers of Tv-nEYFP reporters,
and/or using anti-EYFP immunoreactivity (anti-GFP) to enhance the reporter signal. Regardless,

co-mutation of Mad-A did not enhance the loss of expression of an HD-A mutation.
5.1.2. Med-A is a functional motif

An important feature that distinguishes HD/BRE-A from HD/BRE-B and C is the
presence of an evolutionarily conserved, putative Medea binding site, or Med-A, which lies
directly adjacent to HD-A (Figs. 4.2, 4.3). To test the functionality of this motif, I swapped two
base pairs within the motif (5’-AGAC-3’ to 5’-GAAC-3’) that is predicted to make direct contact
with the MH1 domain of Smad4/Medea (Gao and Laughon, 2007). Tv™**4_,EYFP displayed a
slight reduction in cell count, at 5.3+0.3 Tv neurons per VNC (n=4, P=2.8 x 10'6) but was
expressed at strongly reduced levels compared to wildtype, at 12.5+1.4 % of wildtype NEYFP
intensity (n=60 neurons, P= 1.5x102 compared to wildtype) (Fig. 5.1). This indicates that Med-
A is required for wildtype Tv expression. Note that this is a similar effect as mutation of Mad-A
(Tv™Mad4-45_y EYEP was observed in 5.7+0.3 Tv neurons per VNC and expressed at 20.5+3.5 %
of wildtype nEYFP intensity). Overall, the above results showed that each predicted binding
motif in HD/BRE-A is essential for Tv activation.

Besides Med-A, three other Medea consensus sequences were positioned within 50 bp of
HD/BRE-A; two are located upstream of HD/BRE-A, while the other is located 4 bp
downstream from Med-A.
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None of these additional motifs were found to be conserved throughout Drosophila
evolution (Fig 4.2). To determine whether these sequences contribute to the residual activity left
in a Med-A mutant reporter, I generated multiple combinations of mutations in these predicted
Medea binding site. One of these Tv mutants contains a mutation in Med-A along with
mutations in the two closest predicted Medea sites (7vV™="*.nEYFP). Interestingly, while I
found no significant difference in cell count, I found that reporter activity was significantly
higher in Tv"M_n EYFP than in TV nEYFP; TV nEYFP was observed in 5.3+0.3 Tv
neurons per VNC (n=6, P=0.86 compared to 7v™**_nEYFP) and expressed at 25.6+3.2 % of
wildtype nEYFP intensity (n=35, P=5.2x10 compared to wildtype, P=9.0x10>compared to
Ty"Med4_y EYFEP) (Fig. 5.1). While this might indicate that one of the surrounding Medea
binding sites is a repressive element, additional 7 vMed_y, EYEP lines will have to be tested to
rule out any variation in transgenic attP2 lines expression. Nevertheless, this preliminary result
suggest that the surrounding Medea sites do not compensate for mutation in Med-A, and are not

likely to be positively-acting elements in the Tv-enhancer.
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Figure 5.1. Every element in the identified HD/BRE-A is important for 7v-nEYFP expression. A.
Schematic representation of Tv-nEYFP and HD/BRE-A region. Homozygous reporters were used for this
experiment. HD/BRE-A is comprised of a predicted Mad (yellow), Apterous (red) and Medea (green)
binding sites, and is represented by a simplified, color-coded rectangle box. In order to study the
importance of these sites, mutagenesis was carried out and sequences in red font represent the mutant
base pairs. X on one of the rectangle boxes indicates that the particular binding site has been mutated
according to the displayed mutant sequences shown. Stacked projections of L1 larval CNS expressing
Tyv-nEYFP reporters with mutations in all three predicted binding sites are shown. B. Expression states of
wildtype and mutant 7v-nEYFP reporters is represented as mean number of nEYFP-positive Tv
neurons/VNC (red bars) as well as relative fluorescence intensity vs. wt (blue bars). Asterisks represent P
value < 0.005 compared to wildtype. Error bars represent S.E.M.
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5.1.3. Relative spacing between HD/BRE-A binding motifs is critical for wildtype Tv
activation

Next, we tested for functional spatial requirements for the HD, Mad and Medea motifs in
HD/BRE-A, commonly used to indicate molecular interactions between frans-acting factors
(Fig. 10). Previous studies showed that there is a requirement for proper spacing between Mad
and Medea motifs (Gao and Laughon, 2007) in BMP-responsiveness. In the presence of an
additional transcription factor binding site, such as a homeodomain factor, certain studies have
shown a requirement for native spacing between HD and BMP-binding sequences (Walsh and
Carroll, 2007). In contrast, other studies have shown that a juxtaposed Medea site is not critical
for BMP-responsiveness in the presence of a second juxtaposed motif for an additional
transcription factor, including homeodomain transcription factors (Brugger et al., 2004).

In order to discriminate a spatial requirement for the HD motif in relation to the Mad and
Medea motifs in HD/BRE-A, we created two mutant 7v-nEYFP constructs in which a five base-
pair spacer was inserted between the Mad and HD motifs (7v™M4HD-4_y EYFP) and between
the HD and Medea motifs (7v™7P-4Md4_, FYFP) (Fig. 5.2 A). A 5 bp spacer will presumably
place maximal steric strain on molecular interactions by imposing a half-helical turn between
DNA-binding motifs. In these two constructs, the spacing between Mad-A and Med-A sites is
equivalent, but the relationship of the HD-A site to either the Mad-A or Med-A motifs was
altered. Intriguingly, I observed a dramatic down-regulation of reporter expression when a
spacer was inserted between HD-A and Med-A. Tv™HD-4Med4_y FyEP was observed in fewer
cells than wildtype, at 4.7+0.3 Tv neurons per VNC (n=3 VNCs; P=6.8 x10712 compared to
wildtype), and was expressed at a dramatically lower level, at 5.6+0.8 % of wildtype nEYFP
intensity (n=24, P=1.1x10"'%) (Fig. 5.2 B). In contrast, 7y"™*Ma-4HD-4_y FyEP showed no
significant reduction in cell count, at 5.7+0.3 Tv neurons per VNC (n=3 VNCs; P=0.046
compared to wildtype) but was expressed at a significantly lower level than wildtype, at
77.6x£4.9 % of wildtype nEYFP intensity (n=53 neurons; P=0.0028 compared to wildtype) (Fig.
5.2 B). These data indicate that no critical spatial requirements exist between the Mad and
Medea, or Mad and HD motifs - in the context of a Sbp spacer within the HD/BRE-A, but that
there is a critical spacing requirement between the HD and Medea motifs. I am in the process of
generating Tv enhancer mutants bearing different Sbp spacer insertions to rule out any sequence-

specific effects in Ty HP-4MeA_y EYEP and Ty Med-4HD-4_, pypp,
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5.2. Summary

Overall, the above results indicate that each predicted DNA-binding element in the
HD/BRE-A module is essential for activation of the Tv enhancer. Furthermore, the relative
orientation of the predicted binding sequences is critical for proper Tv activation, suggesting a

strict spatial requirement for proper binding between Apterous, Mad and Medea.
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Figure 5.2. Spacing between predicted Mad, Apterous, and Medea binding sites is critical for
normal Tv expression. A. Schematic representation of 7v-nEYFP and HD/BRE-A region, including
sequence of spacer mutants. Homozygous reporters were used for this experiment. HD/BRE-A is
comprised of a predicted Mad (yellow), Apterous (red) and Medea (green) binding sites, and is
represented by a simplified, color-coded rectangle box. In order to study the spatial relationship between
these sites, a 5 bp spacer (horizontal, double arrowhead) was inserted on either site of the Apterous
binding site. Stacked projections of L1 larval CNS expressing Tv-nEYFP reporters bearing the insertion
mutations are shown. B. Expression states of wildtype and mutant 7v-nEYFP reporters is represented as
mean number of nEYFP-positive Tv neurons/VNC (red bars) as well as relative fluorescence intensity vs.
wt (blue bars). Asterisks represent P value < 0.005 compared to wildtype. Error bars represent S.E.M.
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6. Results: Biochemical characterization of HD/BRE
modules

6.1. Apterous, Mad and Medea bind appropriate HD/BRE sequences in vitro.
6.1.1. Overview

Thus far, transgenic analysis suggest that HD/BRE-A is the most likely site of integration
between BMP signalling and Apterous in the regulation of the Tv enhancer. This model would
be strengthened if the proposed transcription factors can physically associate with HD/BRE-A at
the appropriate motifs. To test whether Apterous, Mad and Medea can bind HD/BRE-A at
putative HD, Mad and Medea motifs, respectively, I performed DNA-protein interaction studies
using electrophoretic mobility shift assays (EMSA).

6.1.2. Apterous

First, I examined Apterous binding to the Tv enhancer, using a N-terminal, GST fusion to
the homeodomain of Apterous (GST-LIMless Ap) (for SDS-PAGE analysis of purified proteins
see Appendix E, Figure E.1.). In agreement with a previous report (Benveniste et al., 1998), 1
found that Apterous can bind specifically to all three HD motifs in the Tv enhancer (HD-A/B/C;
Fig. 6.1; see Appendix E, Figure E.2). Strikingly, whereas HD/BRE-A oligonucleotides carrying
wildtype HD-A motif or mutated Mad-A motif were able to compete for Apterous binding to
radiolabelled, wildtype HD/BRE-A, oligonucleotides bearing mutation in HD-A motif failed to
show any competition even at 1000 fold excess level (Fig. 6.2 A). This result shows that
Apterous binding is highly specific to HD-A.

6.1.3. Mad

Next, I tested whether Mad can bind to the Tv enhancer, using a previously characterized
N-terminal fusion of GST to the MH1 domain of Mad (GST-MadN) (Kim et al., 1998; Walsh
and Carroll, 2007). I found that GST-MadN can associate specifically with all three wildtype
HD/BRE sequences (Mad-A/B/C) in vitro (Fig. 6.1; see Appendix E, Figure E.2.). Since only
Mad-A is essential for Tv expression in vivo, I will focus my analysis here on this motif. Mad

and Medea both possess evolutionarily divergent MH1 DNA binding domains, which have
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evolved to bind different consensus sequences (Walsh and Carroll, 2007). However, truncated
Mad MH1 domain was previously found to display residual binding activity for consensus
Medea sequences (Walsh and Carroll, 2007). Since HD/BRE-A also contains a Medea
consensus sequence, | examined the ability of GST-MadN to bind to oligonucleotides carrying
only Mad-A and HD-A motifs (HD/BRE-A-Madonly). I found that GST-MadN caused a single
band shift when incubated with HD/BRE-A-Madonly oligonucleotides, suggesting that MadN
binds to this sequence as a single species (Fig. 6.1 B). GST-MadN binding affinity for
HD/BRE-A-Madonly was reduced by mutating the Mad-A motif (Fig. 6.1 B). Furthermore,
wildtype HD/BRE-A-Madonly sequence competed more efficiently for MadN binding than
mutant HD/BRE-A-Madonly sequences where Mad-A is mutated (Fig. 6.2 B). Together, these
results indicates that MadN can associate specifically with Mad-A.

6.1.4. Medea

Finally, I tested whether Med can bind to HD/BRE-A, using an N-terminal fusion of
MBP to the MH1 domain of Med (MBP-MedN). Besides Med-A, an additional consensus
Medea binding site is present on HD/BRE-A oligonucleotides. Thus, both sites were always
mutated together in the following EMSA experiments. Upon incubation with oligonucleotides
bearing the HD/BRE-A sequence, MBP-MedN caused two very weak band shifts (Fig. 6.1 B).
The top band shift can be eliminated by mutating both consensus Medea binding sites in the
HD/BRE-A oligonucleotide (Fig. 6.2 B) suggesting specific binding by MedN. The bottom band
shift may represent non-specific binding by incompletely translated, or degraded MBP-MedN.
In accordance with this idea, non-specific binding was also observed when MBP-tag alone was
incubated with the HD/BRE-A oligonucleotide (Fig. 6.2 B). As noted above, binding by MBP-
MedN to HD/BRE-A is weak and may indicate that majority of the purified proteins are inactive.
In support of this, significant aggregation of radiolabelled HD/BRE-A oligonucleotides was
observed in the wells, suggesting formation of insoluble protein-DNA complexes. To obtain
better results, purification of MBP-MedN may have to be optimized to enhance solubility.
Alternatively, GST-MedN has been shown to provide robust binding to consensus Medea
sequences (Walsh and Carroll, 2007), and may be the more suitable construct to use for future

experiments.
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6.1.5. Summary

To summarize, I found that the DNA-binding domains of Apterous, Mad and Medea can
specifically associate with the HD/BRE-A sequence in vitro. Coincidentally, the same mutations
that reduced reporter activity in vivo also disrupted DNA binding of each of the factors. Taken
together, these results indicate that Apterous, Mad and Medea can all associate specifically with
each of their cognate sequence motifs in the HD/BRE module and strongly support the idea that
these three proteins also bind to HD/BRE-A in vivo to regulate the expression of FMRFa.
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Figure 6.1. Apterous, Mad and Medea can all associate specifically with HD/BRE-A. A. Schematic
representation of 7v-nEFYP and a zoomed-in sequence showing the HD/BRE-A region. Predicted Mad,
Apterous and Medea binding sites are highlighted in yellow, red and green, respectively. Simplified
representation of HD/BRE-A is displayed as colour-coded boxes indicating the corresponding binding
sites. X in box indicates that the corresponding binding site has been mutated. B. GST-MadN (MadN),
HA-LIMless Ap (Ap), and GST-MedN (MedN) can all bind to radiolabelled oligonucleotides bearing the
wildtype HD/BRE-A sequence shown in (A). Binding activity is either lost or reduced to
oligonucleotides bearing mutation of predicted Mad, Apterous or Medea bindings sites as indicated in
(A). Tag control for MadN and Ap binding experiments are purified GST. Tag control for MedN
binding experiment is purified MBP. Arrow indicates band shift which is eliminated upon mutation of
consensus Medea sites.
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Figure 6.2. Competition assay showing sequence specificity in Apterous and Mad binding.
Oligonucleotide sequences representing predicted Mad, Apterous and Medea binding sites are highlighted
in yellow, red and green colours, respectively. Red font letters indicate mutated sequences. A. EMSA
experiment showing band shifts caused by binding of GST-LIMless Ap to radiolabelled Tviw2Med
oligonucleotides. Band shift signals are sharply reduced from competition with cold, Tviw2Med or
mutMad oligonucleotides at 1000 fold excess of radiolabelled probes. However, cold oligonucleotides
bearing mutation in the predicted homeodomain binding site (mutHD) fail to compete away the signal
even at 1000 fold excess of radiolabelled probes. B. EMSA experiment showing band shifts caused by
binding of GST-MadN to radiolabelled Madonly oligonucleotides. Band shift signals are more efficiently

competed away by addition of cold mutMad oligonucleotides over addition of cold, wildtype Madonly
oligonucleotides.
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6.2. Apterous fails to co-immunoprecipitate with Mad or Medea in vitro
The ability of Ap/Mad/Medea to associate specifically with their corresponding binding

sites in vitro, combined with transgenic data indicating a requirement for proper spacing between
their corresponding sites in vivo, raises the possibility that Ap/Mad/Med activate FMRFa
expression through the formation of a physical complex. To test this idea, I examined whether
an N-terminally tagged HA-Apterous can co-immunoprecipitate FLAG-Mad or myc-Medea
from S2 cell lysate in a constitutively active BMP signalling background, induced by
constitutively-activated BMP-type I receptor, Thickveins (TkvQD-FLAG). Using anti-HA for
immunoprecipitation of HA-Ap, I detected expression of all transfected products in the input and
flow-through fractions (Fig. 6.3). However, while I detected HA-Ap in the IP fraction, I could
not detect FLAG-Mad or myc-Medea in the same fractions (Fig. 6.3). The same result was
obtained following co-immunoprecipitation experiments carried out in low (75 mM NaCl) and
high (300 mM NaCl) salt conditions (data not shown). Together, these results fail to provide
support for the idea that Apterous can associate with Mad and/or Medea. However, proving a
negative result can be difficult, and further tests must be performed to optimise these tests. A
positive control to perform would be to show that tagged Mad can co-immunoprecipitate tagged
Medea, and vice versa. Moreover, tagged Mad or Medea will have to be tested for pull-down of

tagged Apterous.

6.3. Summary
In summary, I found that Apterous, Mad and Medea can all interact specifically with

their predicted binding motifs in HD/BRE-A in vitro. However, it is still unclear whether these
factors can associate with HD/BRE-A in vivo. Furthermore, no evidence has been found to date

for physical association between Apterous and Mad or Medea.
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Figure 6.3. Apterous failed to co-immunoprecipitate Mad or Medea in BMP-active, S2 cells. Images
showing western blot results from immunoprecipitation of HA-Apterous using anti-HA. S2 cells
transfected with FLAG-TkvQD, HA-Apterous, FLAG-Mad, and myc-Medea and co-immunoprecipitation
was carried out . While all transfected products were found in input and flow-through, only HA-Apterous
was detected in the IP fraction. Migration of HA-Apterous was distorted on the gel, and the 2ug anti-HA
IP sample was found near the 75kDa ladder band.
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7. Discussion

7.1. Cis-regulatory integration of BMP signalling and Apterous at the Tv enhancer.
The above results support the model that target-derived BMP signalling and the

homeodomain transcription factor Apterous directly activates FMRFa expression in the Tv
neurons. The two factors integrate at the Tv enhancer through direct binding of both
Mad/Medea and Apterous to the HD/BRE-A module. Several lines of evidence support this
idea. First, expression of the Tv enhancer is dependent on Apterous and BMP signalling.
Second, the Tv-enhancer includes a module that consists of highly conserved transcription factor
binding sites for Mad, Medea and Apterous, collectively called HD/BRE-A. Third, all three
binding sites are necessary for normal Tv expression. Fourth, Mad, Apterous and Medea can all
specifically associate with their predicted binding sites in the HD/BRE-A module in vitro. Fifth,
proper topology between Mad, Apterous and Medea binding sites is required for wildtype Tv
expression, suggesting a spatial requirement for binding between these transcription factors.
Altogether, this study demonstrates the first mechanistic link between target-derived signalling
and homeodomain transcription factors in the activation of TDGs in post-mitotic neurons.

Is the cis-regulatory integration of BMP signalling and homeodomain transcription
factors a common mechanism for specifying neuronal identity? There are reasons to believe this
is the case. First, BMP/homeodomain-coupled cis-regulation of genes have been demonstrated
outside the nervous system, in vertebrates and invertebrates (Brugger et al., 2004; Walsh and
Carroll, 2007). This suggests that homeodomain transcription factors can act with Mad/Medea
in different contexts. Second, recent findings in our laboratory suggest that HD/BRE modules
are prevalent in the cis-regulatory regions of BMP-responsive TDGs. For instance, we have
found that proctolin is a BMP-dependent neuropeptide expressed in a small subset of Drosophila
neurons termed the posterior cluster neurons (Cattaneo et al.). Its expression pattern is faithfully
reproduced by a BMP-dependent enhancer that is ~500bp in length. Similar to FMRFa, both
proctoring and its ~500bp enhancer are also regulated by a homeodomain transcription factor,
HB9 (see Appendix F). This suggests that BMP signalling and HB9 may integrate at HD/BRE
modules to activate proctoring expression. Several predicted HD/BREs exist in the proctoring

enhancer, containing HD-, Mad- and Medea-binding motifs (see Appendix F). These predicted
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modules differ from HD/BRE-A in the Tv enhancer in terms of positioning and exact sequences.
However, it remains unclear whether these modules are functional, and whether they can be
recognized by HB9, Mad and Medea.

Cis-regulatory analysis of another BMP-dependent neuropeptide, dilp7, offers a
contrasting view on the action of BMP signalling and homeodomain transcription factors in
regulating TDGs. Dilp7’s expression pattern can be recapitulated by a ~1.5 kb enhancer (see
Appendix G). However, individual deletion of two highly conserved, predicted HD/BRE
modules failed to disrupt expression of the 1.0kb enhancer (data not shown). Furthermore, while
both the dilp7 transcript and the 1.0 kb enhancer are regulated by HB9, only the transcript
responds to BMP regulation (Miguel-Aliaga et al., 2008). These studies suggest that the action
of homeodomain transcription factors and BMP signalling may be separable in some cases.
Thus, further studies are needed to determine whether the Tv enhancer can serve as a paradigm
for understanding how target-derived signalling integrate with intrinsic transcription factor codes

in the nervous system.

7.2. Mechanism of cis-regulatory integration at the Tv enhancer

The FMRFa neuropeptide is expressed in 17 diverse neuronal types and its expression
can be recapitulated by an 8.0 kb enhancer, which includes the 446 bp Tv enhancer (Benveniste
et al., 1998). In this study I verified that Apterous and Zfh1 regulate the Tv enhancer, and
discovered two additional regulators of this sequence: BMP signalling and Dachshund. It is
striking that at least 4 of the 7 known FMRFa regulators in the Tv neurons act through a 446
base pair DNA sequence. The integration of multiple regulatory inputs into such a tight genomic

region further illustrates the modular nature of transcriptional regulation.

7.2.1. Apterous and BMP signalling

Here, I provide evidence that Apterous and the BMP transcriptional regulators, Mad and
Medea, can directly regulate Tv expression through association with the HD/BRE-A module.
Interestingly, I observed that the HD-A is epistatic to Mad-A, supporting the notion that
Apterous and Mad act synergistically through HD/BRE-A to regulate Tv expression. It is
unlikely that the two predicted motifs are actually bound by one factor. Whereas mutation of

each motif caused drastic down-regulation of the reporter, insertion of a 5-bp spacer between
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Mad-A and HD-A only slightly reduced reporter activity. This result would not be expected if
an unknown regulator binds onto an overlapping sequence between both predicted motifs.
Further experiments would be needed to determine whether HD-A is also epistatic to Med-A.

Integration of BMP signalling and Apterous at HD/BRE-A alone probably does not
sufficiently specify gene expression in the Tv neurons; a 3x tandem repeat of HD/BRE-A
minimal sequence failed to direct reporter activity in the Tv neurons (data not shown). This is in
spite of the fact that pMad and Apterous expression patterns overlap uniquely in the Tv neurons.
It is possible that the 3xHD/BRE-A sequence does induce reporter expression in Tv neurons, but
at levels below detection. It is also possible that BMP signalling and Apterous require additional
factors for proper integration at HD/BRE-A. This is supported by the fact that directly upstream
of HD/BRE-A lies a highly conserved stretch of sequence that our bioinformatics analysis
predicts may bind nuclear hormone factors (Fig. 6). To rule out both possibilities, I constructed
synthetic sequences carrying 6 and 12 tandem repeats of HD/BRE-A plus the predicted nuclear
hormone factor binding site, and examined whether they can drive reporter expression in Tv
neurons. Shortly after the completion of this thesis, I found that such a sequence indeed drove
YFP expression in the Tv neurons (Appendix A, Fig. A.5.). Ectopic expression of this reporter
was also detected in the brain lobes and in other neurons of the VNC, suggesting that additional
flanking elements may be required to refine the spatial expression of FMRFa (Appendix A, Fig.
A.5.). Furthermore, I found that the predicted nuclear hormone factor binding site is necessary
for Tv enhancer expression (Appendix A, Fig. A.6.). These preliminary results now point to a
model where Apterous, BMP signalling and an unknown factor act directly at the HD/BRE-A
region to specify gene expression in the Tv neurons (Fig. 7.1).

Apterous likely contributes to FMRFa regulation through additional binding to the HD-B
and C motifs. Although it is unclear whether Apterous acts alone at those motifs, the
identification of a functional 50 bp region, directly adjacent to HD-B, plus the conservation of
sequences surrounding the HD-B and C motifs, suggest that additional factors might be
involved. BMP signalling is unlikely to be one of these factors. Although Mad-binding
sequences surround HD -B and C, and can be bound by recombinant Mad in vitro, the same
sequences were not necessary for Tv enhancer activation in vivo. This might explain the weak
conservation of Mad-B and C relative to Mad-A. Several reasons could account for the

observation that Mad-B and C are not functional in vivo. First, the spacing between
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homeodomain-binding motifs and Mad-binding motifs in HD/BRE-B and C are different from
that in HD/BRE-A. This could alter the topology of Mad binding relative to Apterous binding,
and prevent the proper activator complexes from forming. Second, neither HD/BRE-B nor C has
a nearby consensus Medea sequence, which is critical for formation of a pMad/Med complex. It
would be interesting to test whether Mad-B and C can be manipulated into functional, BMP-
responsive elements, by adding juxtaposed Medea motifs, when HD/BRE-A is mutated.
However, as noted above, blocks of highly conserved sequences surround HD-B and C, and are
likely to be functionally important. Alterations in spacing or insertion of a Medea binding motif
in this region might disrupt the ability of unknown factors to interact with Apterous, and further
confound experimental results. Instead, one might test the hypothesis that Mad-B and C are true
Mad-binding motifs by determining whether either of them can functionally replace Mad-A at
the HD/BRE-A module. Since Ty"™Me-4HD-4_, pYEP expresses at near-wildtype activity,
changes in spacing from insertion of Mad-B and C might be tolerated by the Tv enhancer.

7.2.2. Dachshund and Zfh1

Currently, we do not know how Dachshund and Zfh1 regulate FAMRFa.. However, there
are reasons to believe that the two also directly act with BMP-signalling and Apterous at the Tv
enhancer.

Dachshund is a transcriptional co-activator whose homologs are known to bind Smad
complexes to regulate gene expression in Drosophila and in vertebrates (Kida et al., 2004;
Takaesu et al., 2006; Wu et al., 2003). Although Dachshund only moderately regulates Tv-
nEYFP expression, it can synergistically act with Apterous to trigger ectopic Tv-nEYFP
expression in the nervous system. Furthermore, Dachshund and Apterous depends on BMP
signalling for their ectopic activation of the 8.0 kb FAMRFa enhancer (Miguel-Aliaga et al.,
2004). Taken together, these observations suggest that Dachshund may be a modulator of the
BMP pathway, and may directly interacts with Mad/Medea and Apterous at the HD/BRE-A to
regulate FMRFa levels. Genetic interaction studies could help reveal functional relationships
between Dachshund, Apterous and BMP-signalling. Preliminarily, I tested whether
transheterozygous ap and dac mutants would show genetic interactions by affecting expression

of the sensitized Tv-nEYFP reporter, but did not find any effect (data not shown).
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It is curious to note that, using similar GAL4 drivers, misexpression of Dachshund alone
induced ectopic expression of the Tv enhancer in many neurons, but only weakly activated the
8.0 kb FMRFa enhancer in several neurons (see Fig. 3.4.) (Miguel-Aliaga et al., 2004). On the
other hand, Apterous cannot induce any ectopic 7v-nEYFP by itself. Thus, it is possible that
within the FMRFa 8.0 kb enhancer, repressive elements suppress indiscriminate, BMP-
dependent activation of the reporter in non-appropriate neurons. While over-expression of
Dachshund may prime the pMad/Medea complex for indiscriminate activation of the 8.0 kb
enhancer, further over-expression of Apterous is needed to overcome the repressive elements.
When the repressive elements are absent, as is the case for 7v-nEYFP, over-expression of
Dachshund can sufficiently induce BMP-dependent activation of the reporter, and Apterous
further strengthens the response.

It is unclear how Zth1 regulates FMRFa expression. Since the epistatic relationship
between Zfh1 and other FMRFa regulators has not been determined, it is hard to evaluate
whether Zth1 directly regulates FMRFa through the Tv enhancer, or through regulation of
another transcription factor. However, there are reasons to believe that Zfh1 can act directly
with BMP signalling. SIP-1, the mammalian homolog of Zfh1, has been shown to bind to the
MH2 domaiﬁ of Smads (Verschueren et al., 1999). Although not yet tested, Zfh1’s presumed
ability to bind both Smads and homeodomain motifs suggests that it may also act with BMP
signalling at HD/BRE-A. DNA binding experiments will be needed to test whether Zth1 can
associate with HD-A. A recent report suggests that Zfh1 can directly regulate Tv expression
through binding to the HD-C motif (Vogler and Urban, 2008). However, it is unlikely that Zfh1
acts solely through HD-C binding, because 7v-nEYFP showed weaker expression in a zfhl
mutant background than 7v™#HP-C_, EYEP in a wildtype background (Mad-C is not a

functional element.)

7.3 A collaborative mechanism of cis-regulatory integration between BMP signalling and

Apterous?
Although mutant analysis and enhancer mutagenesis experiments show a synergistic

relationship between BMP signalling and Apterous in the activation of the Tv enhancer, it is
unclear how the two factors might act together at the molecular level. A model of co-operative

regulation through direct binding between transcriptional partners is attractive, given the strict,
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evolutionarily conserved topology between Mad-A, HD-A and Med-A. However, co-
immunoprecipitation experiments failed to lend support for the model that Apterous can interact
with either Mad or Medea. On the other hand, my results are more in agreement with a
collaborative regulatory mechanism where two transcription factors are required to bind in close
proximity to each other, but do not directly interact. Binding of Apterous and the pMad/Medea
complex may occur simultaneously on the HD/BRE-A module, with the two factors binding on
opposite sides of the double helix. Insertion of a half-helical turn between Mad-A and Med-A
binding sites may be tolerated, given the reported flexibility between Mad/Medea interactions
(Gao and Laughon, 2007). However, such flexibility probably depends on the absence of
additional interfering factors. By moving the HD-A motif onto the same helical side as that of
Med-A, Apterous would be binding directly next to Medea, and this may have disrupted physical
interactions between Medea and Mad and/or other factors, or vice versa, resulting in the dramatic

down-regulation of Tv expression seen in Ty-"#0-4Med-4_, pypp,

7.4. Future questions
Despite the progress that my work has made, several issues have to be addressed. First,

while mutations of Mad-A or Med-A led to reduction in reporter activities, the results failed to
phenocopy the abolishment of reporter signal seen in a wit mutant background. This may be
because the mutations used only partially disrupted Mad and Medea binding to HD/BRE-A. In
support of this, the same Mad-A mutation used to disrupt reporter activity reduced, but not
completely abolish MadN binding affinity for HD/BRE-A in vitro. If the Mad-A and Med-A
mutations are indeed DNA-binding hypomorphs, a double-mutation of Mad-A and Med-A
should further decrease reporter activity. Alternatively, wildtype BMP signalling may prevent
the expression of the repressor molecule Brinker, which is known to repress BMP-dependent
target genes in the absence of BMP signalling. The repression of Brinker in the wildtype
backgrounds of TvV™ 4 _nEYFP and Tv™**“-nEYFP reporters might allow for leakiness of the
Tv enhancer.

Second, it is unclear whether HD/BRE-A really responds to BMP signalling. I recently
discovered that a 47 bp sequence including HD/BRE-A is sufficient for reporter expression in
the Tv neurons (Appendix A, Fig. A.5.). Our model would be strengthened if it was shown that
this sequence fails to drive reporter expression in a BMP mutant background. Another approach
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would be to show Mad and Med binding to HDBRE-A in BMP-active conditions, but not when
BMP signalling is suppressed. This would be best tested by EMSA in S2 cells.

Third, it is unknown whether Apterous, Mad and Medea can associate with the Tv
enhancer in vivo. In a preliminary ChIP experiment, I found that a HA-tagged Apterous
specifically associated with the Tv enhancer. However, mutation of all three HD-muotifs failed to
abolish the signal, suggesting saturation of DNA binding by Apterous. Thus, a more robust

ChlIP assay needs to be developed before this issue can be examined.

7.5 Conclusion

Taken together, my results provide the first mechanistic link between target-derived BMP
signalling and homeodomain transcription factors in the regulation of TDGs. It remains to be
seen whether this mechanism applies to other target-dependent TDGs, but important tools have
now been generated to undergo further cis-regulatory studies (see Appendix F, G).
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Figure 7.1. Model: Intersection of BMP signalling with Apterous at the Tv enhancer. Within the Tv
nucleus, Apterous (Ap), Zth1, Dachshund (Dac), and the BMP pathway is now know to regulate the
expression of the Tv enhancer. Tt is still unclear whether Eyes absent (Eya), Dimmed (Dimm), or
Squeeze (Sqz) also control Tv enhancer expression. Within the Tv enhancer, Apterous, Mad (pMad) and
Medea is thought to bind directly to HD/BRE-A (yellow/red/green) and along with an unknown factor
(X?) binding directly upstream of HD/BRE-A (purple), they form an activating complex that can specify
gene expression in the Tv neurons.
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Appendices

Appendix A — FMRFa/Tv enhancer-related images

-476
8- [ T rchery

attP2

attP40

attP16

Anti-FMRFa, Tv nmCherry

L3 L3

Figure A.1. Screen for optimal attP loci for Tv-nmCherry expression. Schematic representation of Tv-

L2

nmCherry, Stacked projection of larval CNS showing anti-FMRFa (green) and Tv-nmCherry (red) expression in the
Tv neurons. Tv-nmCherry was integrated into similar vector backbone as Tv-nEYFP. Similar results were obtained
for Tv-nEYFP integrated into attP2 and attP40. attP2 was found to be optimal attP site out of the three candidates,

as judged by eye.
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adult

P, antiFMRF

v YF

Figure A.2. Tv-nEYFP is expressed in adult Tv neurons. Stacked projection of adult CNS showing anti-FMRFa
staining (red) and Tv-nEYFP expression (green).
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Tv-facz Tw-lacZ ; wit-/- { UAS-dac, UAS-ap

Anti-beta-GAL

l elavGAl4,. Tv-lacZ anti-beta-GAL

Figure A.3. Tv-lacZ is regulated by BMP signalling and can respond to Ap and Dac. Stacked projection of
larval (A,B) and embryonic (C) CNS showing anti-beta-galactosidase staining for 7v-lacZ expression. A, B. Tv-
lacZ expression is eliminated in wit412/B11 mutant background (compare A (witA12/+) with B (witA12/witB11)).
C. Tv-lacZ can also be induced by misexpression of Apterous and Dachshund in post-mitotic neurons by the pan-
neuronal GAL4 driver, elavGALA4.
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Anti-Eya, Anti-FMRFa

D. ananassae L3 D. virilis L3 D. willistoni L3

Figure A.4. Immunostaining of three divergent Drosophila species reveal the conserved expression of FMRFa
in the stereotypical Tv neurons. Stacked projection of L.3 larval CNS from D. ananassae, D. virilise and D.
willistoni. FMRFa peptide was detected by anti-FMRFa (green) in all three species. Overlaid and individual
channel images are shown, except in D.willistoni. Expression of the peptide is highly restricted to the stereotypical
Tv cluster, as marked by anti-Eya (red).
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6xHD/BRE-A-ext-nEYFP i nEYFP |

“AACTTTGGCCTTTigecgGGC Col M CBBAE TTCCBI T Tt

6xHD/BRE-A-ext-nEYFP

Anti-FMRFa

Figure A.5. A 47 bp sequence including HD/BRE-A can drive reporter expression in the Tv neurons.
Schematic representation of 6xHD/BRE-A-ext-nEYFP. The exact sequence used for the repeats is shown.
Capitalized letters are highly conserved throughout Drosophila evolution. Underlined letters indicate additional
sequences added to a minimal HD/BRE-A sequence that failed to drive reporter expression in the Tv neurons (data
not shown). Stacked projection of L2 larval CNS expressing nEYFP (green in box A, B, D) driven by 6xHD/BRE-
A-ext sequence. FMRFa peptide was detected by anti-FMRFa (magenta in box A, C). Box D shows the

extent of ectopic YFP expression along the VNC.
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Tv wt: AACTTTGGCCTTTtgccgGGCCHMMMMCAGAE TTC OBt Tts
Tv27: AACAGAGGCCTAGagecgGGCCeNMBCABRETT Bl Tis

Tv-nEYFP Tv27-nEYFP

Figure A.6. An additional sequence upstream of HD/BRE-A is required for reporter expression in the Tv
neurons. Exact sequences showing region surrounding HD/BRE-A (yellow/red/green). Tv wt sequence was
mutated at a conserved stretch of sequence just 5* of HD/BRE-A (Tv27). Capitalized letters are highly conserved
throughout Drosophila evolution. Underlined letters indicate additional sequences added to a minimal HD/BRE-A
sequence that failed to drive reporter expression in the Tv neurons (data not shown). Stacked projection of L3 larval
CNS expressing nEYFP (green) driven by Tv wt or Tv27.
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Appendix B — Tv-nEYFP data analysis tables
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Table B.1. Single-copy Tv-nEYFP expression in transcription factor mutant background
mecan# YFP
neurons’ standard Number | ftest vs. ttest vs. Tv-nEYEP,
Gene Genotype CNS error of CNS Tv-nEYFP | mutant/+
Tv-nEYFP/+ 5.7 0.1 18
wil Tv-nEYFP, witA12/+ 5.5 0.2 11 4.3E-01
wit Tv-nEYFP, witAl2/witBl] 0.0 0.0 12 6.6E-24 2.1E-16
dac Df(2L)Exel7086/+ ; Tv-nEYFP/+ 5.5 0.2 11 43E-01
dac Dfr2L)Exel7086/dac3 ;| Tv-nEYFP/+ 4.8 0.2 14 1.2E-03 5.2E-02
ap apGAL4/+ ; Tv-nEYFP/+ 3.0 04 10 8.3E-08
ap apGAL4/apP44 ; Tv-nEYFP/HA 0.7 0.3 10 1.2E-15 3.1E-04
zfhl Tv-nEYFP, zfh100865/+ 54 0.2 11 2.2E-01
#[h] Tv-nEYFP, zfh100865/2fhi00865 0.7 0.6 9 1.6E-11 1.5E-06




Table B.2. Single-copy Tv-nEYFP expression after misexpression of transgenes by OK6-GAL4

Average # of

ectopic YFP | Standard | Number | ttest vs. ttest vs,
OK6 GAL4 x neuwrons/CNS | Error of NS | UAS 4p UAS Dac
will8 0.0 0.0 1
UAS Ap 0.0 0.0 2
UAS Dac 51.0 6.2 3 8.0E-03
UAS Ap, UAS
Dac 74.3 3.8 3 3.3E-02
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Table B.3. Cell count analysis of heterozygous Tv-nEYFP reporters

ftest ttest ttest ftest

Mean relative to | relative to relative to | relative to

#YFPTv | Standard | Number | Tv"" Ty"WeEAL it it
Reporter neurons | Error of CNS nEYFP nEYFP nEYFP nEYFP
TV -nEYFP 5.8 0.1 72
T A Ey g 3.7 0.5 7 2.5E-13
TyMadB_y pypp 5.9 0.1 9 4.3E-01
"My EYFP 6.0 0.0 12 8.0E-02
Ty e A8 _p ey pop 4.0 0.3 7 1.4E-13 3.5E-01 | 1.8E-05
M- AL EyEp 4.5 0.5 4 3.9E-06 6.5E-01 6 4E-05
T By EyEp 5.7 0.2 6 6.2E-01 33E-01 | 3.5E-02
Ty M ABC L EYEP 4.0 0.0 3 5.5E-09 74E-01 | 2.5E-06 N/A
Ty Mt DA pEYEP 0.1 0.1 8| 4.1F-48| 7.7E-06
Ty/Pad-BHD-B_ pyrppy 5.7 0.2 6 6.2E-01 3.3E-01
Ty Med-CHD-C_ pyr o 55 0.2 6 1.9E-01 4 9E-03
Tl %y EYFP 0.0 0.0 8 4.3E-51
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Table B.4. Intensity measurement of heterozygous Tv-nE YFP reporters

Relative
fluorescence

intensity of YFP-

positive neuron ttest vs. ttest vs. ttest vs. ttest vs.
relative to w1ldt),pe # neurons val_ Tvand-A_ Tvaad-B_ Tvaad»C_
Reporter (Yo) Standard Error | quantified nEYFP nEYFP nEYFP nEYFP
TW'-nEYFP 100.0 3.0 524
Tl{n.@-lad-A_nEYFP 44.8 5.1 35 3.0E-06
Tlf"Mad‘B-HEYFP 111.9 10.4 48 2.5E-01
Ty Mad-C_y pyrp 101.5 7.8 61 8.7E-01
Ty ed-V8_ypypp 26.3 2.4 36|  2.8E-10 1.4E-03 1.1E-09
M A pEYFP 39.9 5.6 27|  7.4E-06 5.2E-01 3.1E-06
"B pgyEp 97.5 10.7 41| 8.2E-01 3 4E-01 7.6E-01
T/ Mk ABC_ L EYEP 42.0 6.5 33|  9.9E-07 7.3E-01 1.2E-06 1.1E-06
Tyf"Mad VHD-A_ s 7.3 N/A 1 N/A N/A
Ty ad- BHDB_, 1=y 26.8 2.7 46 1.8E-12 9.1E-12
T‘/nMud- C"HD-C_’?EYFP 49.8 7.6 41 5.4E-06 1.6LE-05
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Table B.5. Cell count analysis of homozygous Tv-nEYFP reporters

ttest vs.

ttest vs,

ttest vs.

Mean # YFP Standard Number | ttest vs. Ty MAAUD-A- | ymMed-A_ | Ty mMaA,
Reporter neurons/cord Error of CNS | Tv-nEYFP nEYFP nEYFP nEYFP
TV"'-nEYFP 6.0 0.0 4
TV A EYEP 5.8 0.3 4 1.0E-01
T T — 5.7 0.3 3 4.6E-02 8.5E-01
/DA py D 0.4 0.2 7 14E-44 1.9E-01
Ty MadAHD-A- ooy 1.0 0.0 2 2.5E-33
TyMed-A_ pypp 5.3 0.3 4 2.8E-06
TyiMed_ gy 5.3 0.3 6 1.5E-04 8.6E-01
Ty SMad-AHD-A_ pypp 5.7 0.3 3 4.6E-02
TS HD-AiMed-4_y o 4.7 0.3 3 6.8E-12
TSl pEYFP 0.0 0.0 5 6.5E-48
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Table B.6. Intensity measurements of homozygous Tv-nEYFP reporters

Relative
fluorescence
intensity of
YFP-positive ttest vs. ttest vs. ttest vs. ttest vs
neuron vs. Standard | #neurons | Tv"'- Tyt | pymeda_ T A,
Reporter wildtype (%) | Error quantified | nEYFP nEYFP nEYFP nEYFP
TV'-nEYFP 100.0 57 277
V"M ey Ep 30.7 3.8 23 2.7E-09
Ty e A4y EYEP 20.5 3.7 47| 1.2E21|  9.2E-02
vy EYFP 9.7 7.0 5|  2.7E-04
Tv_nm-knf-,-l'HD-A-nEYFP 5.3 1.7 3 2.3FE-03 6.5E-01
Tl/n,l-{ed-.fl_nEYFP 12.5 1.4 60 1.5E-12
Ty IMed y pyEp 25.6 3.2 35 5.2E-09 9.0E-05
TV{nsﬂlad—zi’HD—ﬁ -1 E };F P 77.6 4. 9 53 2. 8]3_0 3
T/ HD-AMd Ay E YFP 5.6 0.8 24| 1.1E-13
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Table C.A. Tv-uEYFP reporters used in this study

Reporter Region of mutation 5°-3°

B nEYFP none

YA B YEP I'TTTAGTAGTACGTAATTA

Ty B L pyEp AAAGCGCCATAAAGTAGTAGTAGTAAATGGCAAATTATA

1" g EYEP GGCTAATTGGAAGTAGTAGTAGTAGATGTCCCTGCT

Ty AR L yEp combine mutations in mMadA and B

Jy AT EYEP combine mutations in mMadA and C

Ty MedBC L EYFP combine mutations in mMadB and C

Jy e ABC , pyEp combine mutations in mMadA, B and C

Ty ek AUDA , Y EP TTTTAGTAGTACGGAGCTCCAGAC

Ty BHDR ) EYFP AAAGCGCCATAAAGTAGTAGTAGTAAATGGCAAGAGCTC

Tyad-CHD-C oy EYEP GGCGAGCTCGAAGTAGTAGTAGTAGATGTCCCTGCT
deleted this region:

Ty o 5y EYEP TGCCAGAGGCGCCACAATGTATCCTGTTACAGGTTACAGGGCCATAAAGC

"y EYFP TTTTGCCGGGCCGGAGCTCCAGAC

Ty L YFP AGACTCGTTCCCAAAACTTT.....CGTAATTACGAACTTCCGTTC

TV EYFP CGTAATTACGAACTTCCGTCT

TymMeAbe_y EYFD GGCCTTTTGCTAGTACGTAATTA

Jylnimad-AMDA_y, Yy fp GCCGGGCCGTTGTGTAATTACAGAC

Hi-ANeA g yEP GCCGGGCCGTAATTACTCAACAGAC

XHD/BRE-A-nEYHP 3x tandem repeat of : TTTGCCGGGCCGTAATTACAGACTTC

Note: Red font indicate mutated or inserted sequences
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Table C.2. Primer sequences for generating Ty mutants

Method/ Restriction
Amplified site for
Ty mutant Segment Template Forward §'-3' Reverse §-3 coining
PCR genomic CGGTCTAGAGCCATCTGCAGACGTG
Ty™ scgment DNA GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG
Ty "Mad-A segment | Ty MHUARC | G GACGGAAGTCTGTAATTACG
SOE PCR CGTAATTACAGACTTCCGICTTTIGA
segment 2 Tv* ACA CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment Ty Mad-A GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | TTGCCATTTACTACTACTACTTTATGGC
Ty "MadB segment 1 Ty GT GCTTTATGGC
SOE PCR STAGTAGTAGTAAATGGCAAATTAT
segment 2 Ty AACGCATACG CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment Ty B GT CCCGAATTCAATGAGCAGGGACATC Xbal/FcoRl
TAAGAATTCAATGAGCAGGGACATCTA
PCR CGGTCTAGAGCCATCTGCAGACGTG | CTACTACTACTTICCAATTAGCCTTCTAG
Ty M segment TytMadABC | o C Xbal/EcoRI
SOE PCR CGGICTAGAGCCATCTGCAGACGTG | TIGCCATTTACTACTACTACTTTATGGC
Ty "Mad-4B segment | Ty"MABC | AT GCTTTATGGC
SOE PCR GTAGTAGTAGTAAATGGCAAATTAT
segment 2 Tv™ AACGCATACG CCCOGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment |y Mad-AB GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRlI
SOE PCR CGGTCTAGAGCCATC TGCAGACGTG
[y TMad-AC segment | TyRMARL e GACGGAAGTCTGTAATTACG
TAAGAATTCAATGAGCAGGGACATCTA
SOE PCR CGTAATTACAGACTTCCGTCTTTIGA | CTACTACTACTTCCAATTAGCCTTCTAG
segment 2 Ty* ACA C
SOE PCR TAAGAATTCAATGAGCAGGGACATCTA
final CGGTCTAGAGCCATCTGCAGACGTG | CTACTACTACTTCCAATTAGCCTTCTAG
segment Py MRIAC GT C Xbal/EcoRl
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Table C.2. (continued)

Method/ Restriction
Amplified site for
Ty mutant Segment Template Forward §'-3" Reverse §'-3' coining
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | TTGCCATTTACTACTACTACTTTATGGC
TymMed-BC segmet | Ty™ GT GCTTTATGGC
SOE PCR GTAGTAGTAGTAAATGGCAAATTAT
segment 2 Ty"MUABC | AACGCATACG CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment [y Mad-BC GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRlI
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GTCTGTAATTACGTACTACTAAAAGGC
Ty Mad-ABC segment 1 Ty GT CAAAGTTTTGGAGACGAGTCT
SOE PCR AGTAGTACGTAATTACAGACTTCCG | TTGCCATTTACTACTACTACTTTATGGC
segment 2 Ty™ TCTTTIGAACAGTTTTTITCAGC GCTTTATGGC
TAAGAATTCAATGAGCAGGGACATCTA
SOE PCR GTAGTAGTAGTAAATGGCAAATTAT | CTACTACTACTTCCAATTAGCCTTCTAG
segment 3 Ty™ AACGCATACG C
SOE PCR TAAGAATTCAATGAGCAGGGACATCTA
final CGGTCTAGAGCCATCTGCAGACGTG | CTACTACTACTTCCAATTAGCCTTCTAG
segment Ty MAABC | G C Xbal/EcoRI
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GTCTGGAGCTCCGTACTACTAAAAGGC
Ty SRS segment | Tv™ GT CAAAGTTTTGG
SOE I'CR AGTAGTACGGAGCTCCAGACTTCCG
segment 2 Tv* TCTTTTGAACA CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final Ty CGGTCTAGAGCCATCTGCAGACGTG
segment AMHDN GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcaRl
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | TTGCCATTTACTACTACTACTTITATGGC
IR i segment | Ty* GT GCTTTATGGCCCTGTAACCTG
SOF PCR AATGGCAAATTATAACGCATACGGA
segment 2 Ty™ CACG CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final [y Med-BimhD- | CGETCTAGAGCCATCTGCAGACGTG
segment B GT CCCGAATTCAATGAGCAGGGACATC Xbal/T.coRl
CCCGAATTCAATGAGCAGGGACATCTA
PCR CGGTCTAGAGCCATCTGCAGACGTG | CTACTACTACTTCGAGCTCGCCTTCTAG
|y M i C segment Iy™ GT CCAGTGGAT
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Table C.2. (continued)

Method/ Restriction
Amplified site for
Ty mutant Segment Template Forward §'-3' Reverse §'-3' coining
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | ATTGCCGTCGCGGCGTTTATGGCTCTC
Ty det cons Sobp segment Tv? GT GTCCAGCACCCGAA
SOE PCR
segment 2 Ty™ GCCATAAACGCCGCG CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment Tydel eors Lbp | g1 CCCGAATTCAATGAGCAGGGACATC Xbal/EcoR!
GGCTGAAAAAACTGTTCAAAAGACGG
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | AAGTCTGGAGCTCCGGCCCGGCAAAAG
Tv"'PAWEYFP | segment | Ty* GT G
SOE PCR TTTGAACAGTTITTTTCAGCCCCACCC
segment 2 Ty™ A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
sepment Ty HD-A GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
GGCTGAAAAAACTGTTCAAAGAACGG
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | AAGTTCGTAATTACGGCCCGGCAAAAG
Ty "M segment | Ty™ GT GCCAAAGTTTTGGGAACGAGTTC
SOE PCR TTIGAACAGTTTTTTCAGCCCCACCC
segment 2 Tv" A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
scgment Ty Med GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GCTGAAAAAACTGTTCAAAAGACGGA
Ty Med-A segment 1 Tyv™ GT AGTTCGTAATTACGGCCCGGC
SOE PCR TTTGAACAGTTTTITCAGCCCCACCC
segment 2 Ty" A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment Ty MedA GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRl
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Table C.2. (continued)

Method/ Restriction
Amplified site for
Ty mutant Segment Template Forward §-3' Reverse §'-3' coining
CTGAAAAAACTGTTCAAAAGACGGAA
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GTCTGTAATTACGTACTAGCAAAAGGC
Ty Mad-A-ibp segment | Ty GT CAAAGT
SOE PCR TTTGAACAGTITTTTCAGCCCCACCC
segment 2 Ty A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment TyMedAdb ] G CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
CTGAAAAAACTGTTCAAAAGACGGAA
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GICTGTAATTACACAACGGCCCGGCAA
Ty Mad-Abp segment | " GT AAGGCC
SOE PCR TTTGAACAGTTTTITCAGCCCCACCC
segment 2 Tv™ A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final CGGTCTAGAGCCATCTGCAGACGTG
segment Ty™MadAbe | G CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRl
CTGAAAAAACTGTTCAAAAGACGGAA
SOE PCR CGGTCTAGAGCCATCTGCAGACGTG | GTCTGTTGAGTAATTACGGCCCGGCAA
TylresliD-AMedA | geoment | Tv* GT AAGGCC
SOE PCR TTTGAACAGTTTTTTCAGCCCCACCC
segment 2 Tv* A CCCGAATTCAATGAGCAGGGACATC
SOE PCR
final Ty CGGTCTAGAGCCATCTGCAGACGTG
segment AMed-A GT CCCGAATTCAATGAGCAGGGACATC Xbal/EcoRI
Anneal/Prim CGGTCTAGATTTGCCGGGCCGTAAT
er extension TACAGACTTCTTTGCCGGGCCGTAA | CCCGAATTCGAAGTCTGTAATTACGGC
3xHD/BRE-A segment None TTAC CCGGCAAAGAAGTCTGTAATTACGGC | Xbal/EcoRlI
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Table D.1. List of oligonucleotides used for EMSA experiments

Oligo set

Ordcred oligo name

Oligonucleotide sequence 5'-3'

sites wi

Tv HDBREA with 2 Medea

Ty HDBREA with 2 Medea
sites wt

TvBRE1w2Med sense

TTG GCC TTT TGC CGG GCC GTA ATT ACAGACTTC CGT CTTTTG A

TvBRE1w2Med antisense

TCA AAA GAC GGA AGT CTG TAA TTA CGG CCC GGC AAA AGG CCA A

Ty HDBREA mut2Med

TvBREIw2Med mut2Med
sense

TTG GCC TTT TGC CGG GCC GTA ATT ACC AACTTC CGTTCT TTG A

TvBREIw2Med mut2ZMed
antisense

TCA AAG AAC GGA AGT TGG TAA TTA CGG CCC GGC AAA AGGCCA A

sense

Tviw2Me m2MeB sen TTG GCC TTT TGC CGG GCC GTA ATT ACA GTATTC CAGTAT TTG A
Tyviw2Me m2Mel3 antisen TCA AAT ACT GGA ATA CTG TAA TTA CGG CCC GGC AAA AGGCCA A
Tv HDBREA
muiMad+2Med
TvBRE1w2Med
mutMad2Med sense TTG GCC TTT TAG TAG TAC GTA ATT ACCAACTTC CGT TCT ITG A
TvBRE1w2Med
mutMad2Med antisen TCA AAG AAC GGA AGT TGG TAA TTA CGT ACT ACT AAAAGGCCA A
TvBREIw2Me mutMa2Me B

TTG GCC TTT TAG TAG TAC GTA ATT ACA GTA TTCCAGTATTTG A

TvBREIw2Me mutMa2Me B
antisen

TCA AAT ACT GGA ATA CTG TAA TTA CGT ACT ACT AAAAGGCCA A

Ty HDBREA mutate

adjacent GGCC +

Mad+2Med
Tylw2Me mutGCMe A sense | TTA GTA TTT TAG TAG TAC GTA ATT ACC AAC TTC CGT TCTTTG A
Tviw2Me mutGCMe A
antisense TCA AAG AAC GGA AGT TGG TAA TTA CGT ACT ACT AAAATACTA A

Tviw2Me mutGCMe B sense

TTG AAGTTT TAG TAG TAC GTAATT ACAGTATICCAGTAT TTG A

Tviw2Me mutGCMe B
antisense

TCA AAT ACT GGA ATA CTG TAA TTA CGT ACT ACT AAAACTTCA A

Note: Yellow highlighted oligonucleotides indicate those that were described in the thesis. Underlined text denotes start of a new set of EMSA oligonucleotides.
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Table D.1. (continued)

Oligo set

Ordered oligo name

Oligonucleotide sequence §'-3'

Tv HDBREA mutMad

Tviw2Me mMad sense

TTG GCC TTT TAG TAG TAC GTA ATT ACA GAC TTC CGT CTT TTG A

mutMad+Med2

Tviw2Me mMad antisen TCA AAA GAC GGA AGT CTG TAA TTA CGT ACT ACT AAA AGG CCA A
TvHDBREA
mutMad+Medl

Tviw2Me mMaMel B sen TTG GCC TTT TAG TAG TAC GTA ATT ACA GTA TTC CGT CTT TTG A

Tviw2Me mMaMelB antisen | TCA AAA GAC GGA ATA CTG TAA TTA CGT ACT ACT AAA AGG CCA A
Tv HDBREA

Tviw2Me mMaMe2B sen

TTG GCC TTT TAG TAG TAC GTA ATT ACAGACTTC CAG TAT TTG A

Tviw2Me mMaMe2B antisen

TCA AAT ACT GGA AGT CTG TAA TTA CGT ACT ACT AAAAGGCCA A

Ty HDBREA noMed wt

Tv HDBREA noMed wi

TvBREInoMed sense

TTGGCCTTTTGCCGGGCCGTAATTACAG

TvBREInoMed antisense

CTGTAATTACGGCCCGGCAAAAGGCCAA

Tv HDBREA noMed
mutMad

TvBRE1noMed mutMad
sense

TTGGCCTTTTAGTAGTACGTAATTACAG

TvBREInoMed mutMad
antisen

CTGTAATTACGTACTACTAAAAGGCCAA

Ty HDBREA noMed mutate
adjacent GGCC sequence

Tv1 noMe mutGC A sen

TTAGTATTTTAGTAGTACGTAATTACAG

Tv1 noMe mutGC A antisen

CTGTAATTACGTACTACTAAAATACTAA

Tv] noMe muiGC B sen

TTGAAGTTTTAGTAGTACGTAATTACAG

Tv1 noMe mutGC B antisen

CTGTAATTACGTACTACTAAAATACTAA

Note: Yellow highlighted oligonucleotides indicate those that were described in the thesis, Underlined text denotes start of a new set of EMSA oligonucleotides.
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Table D.1. (continued)

Oligo set

Ordered oligo name

Oligonucleotide sequence §'-3'

Tv HDBREA with] Medea

Tv HDBREA withl Medea
site wt

TvBREIwlMed sense

TTG GCC TTT TGC CGG GCC GTA ATT ACA GACTTC CG

TvBREIw]Med antisense

CGG AAG TCT GTA ATT ACG GCC CGG CAA AAG GCC AA

Ty HDBREA mutMedea site

TvBREIwIMed mutMad
sense

TTG GCC TTT TAG TAG TAC GTA ATT ACA GAC TTC CG

TvBREIwIMed mutMad
antisense

CGG AAGTCT GTA ATT ACG TAC TAC TAA AAG GCC AA

Ty HDBREA mutHD site

TvBREIwlMed mutHD sense

TTG GCC TTT TGC CGG GCC GGA GCT CCA GAC TTC CG

TvBREIwlMed mutHD
antisense

CGG AAG TCT GGA GCT CCG GCC CGG CAA AAG GCC AA

Tv HDBREA + 2Medeg sites
without MadA

Ty HDBREA + 2Medea sites
without MadA wit

TvBRE1 2Medonly sense

CGT AAT TAC AGA CTT CCG TCT TTT GA

Tv] 2Medonly antisense

TCA AAA GAC GGA AGT CTG TAA TTA CG

Tv IDBREA mutated both
Medea sites

Tv1 2Medonly mut2Me sense

CGT AAT TACGAA CTTCCG TTC TTT GA

Tv1 2Medonly mut2Me
antisen

TCA AAG AAC GGA AGT TCG TAA TTA CG

Iy HDBRERB

Tv HDBREB wt

TvBRE2 sense

GCC ATA AAC GCC GCG ACG GCA ATG GCA AAT TAT AAC GCA TAC

TvBRE2 antisense

GTA TGC GTT ATA ATT TGC CAT TGC CGT CGC GGC GTT TAT GGC

Note: Yellow highlighted oligonucleotides indicate those that were described in the thesis. Underlined text denotes start of a new set of EMSA oligonucleotides.




Table D.1. (continued)

Oligo set

Ordered oligo name

Oligonucleotide sequence 5'-3'

Tv HDBREB mutate Mad
site

Tv2 mutMa sense

GCC ATA AAG TAG TAG TAG TAA ATG GCA AAT TAT AAC GCA TAC

Tv2 mutMa anti

GTA TGC GTT ATA ATT TGC CAT TTA CTA CTA CTA CTT TAT GGC

Tv HDBREB mutate HD site

Tv2 mutHD sense

GCC ATA AAC GCC GCG ACG GCA ATG GCA AGA GCT CAC GCA TAC

Tv2 mutHD antisen

GTA TGC GTG AGC TCT TGC CAT TGC CGT CGC GGC GTT TAT GGC

Ty HDBREC

Tv HDBREC w1t

TvBRE3 sense

GCT AGA AGG CTA ATT GGA CGT GCC CGG CCA GGA TGT CCC TGC

TvBRE3 antisense

GCA GGG ACA TCC TGG CCG GGC ACG TCC AAT TAG CCT TCT AGC

Ty HDBREC mutate Mad
site

Tv3 mutMa sense

GCT AGA AGG CTA ATT GGA AGT AGT AGT AGT AGA TGT CCC TGC

Tv3 mutMa antisense

GCA GGG ACA TCT ACT ACT ACT ACT TCC AAT TAG CCT TCT AGC

Ty HDBREC mutate HD site

Tv3 mutHD sense

GCT AGA AGG CGA GCT CGA CGT GCC CGG CCA GGA TGT CCC TGC

Tv3 mutHD anti

GCA GGG ACA TCC TGG CCG GGC ACG TCG AGC TCG CCT TCT AGC

Misg, gligos
BrkS EMSA sense AAT TCG ACT GGC GAC ATT CTG TCT GTG GCG ATC GCG GCC
BrkS EMSA antisen GGC CGC GAT CGC CAC AGA CAG AAT GTC GCC AGT CGA ATT
Q+ v comp EMSA sense TTT GTG CTT GGC TGC CGT CGC GAT TCG ACA ACT TTG G

0+ vg comp EMSA antisense | CCA AAG TTG TCG AAT CGC GAC GGC AGC CAA GCA CAA A

TTT GTG CTT GAG ATC TAG ATC TAT TCG.ACA ACTTTG G
CCA AAG TTG TCG AAT AGA TCT AGA TCT CAA GCACAA A

Qm vg comp EMSA sense
Qm vg comp EMSA antisense

AAT CAT ATT AAG ACGGGCACATTATAA A
TTT ATA ATG TGC CCG TCT TAA TAT GAT T

sal M1 EMSA sense
sal M1 EMSA antisense

sal pmBO8 EMSA sense AAT CAT ATT AAA ACG GGC ACA TTA TAA A
Note: Yellow highlighted oligonucleotides indicate those that were described in the thesis. Underlined text denotes start of a new set of EMSA oligonucleotides.
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Table D.1. (continued)

Oligo set

Ordered oligo name

Oligonucleotide sequence §'-3'

sal pm808 EMSA antisense

TTT ATA ATG TGC CCG TTT TAA TATGAT T

Vg EMSA sense

CTTGGCTGCCGTCGCGATTC

Ve EMSA antisense

GAATCGCGACGGCAGCCAAG

Tv conS0 region

Tv mutcon50 A sense

TGG ACG AGA TGC CAG AGG CGC CAC AAT GTA TCC TGC CGC AGG
TTACAGG

Tv mutcon50 A antisense

CCT GTA ACC TGC GGC AGG ATA CAT TGT GGC GCC TCT GGC ATC TCG
TCC A

Tv mutconS0B sense

CAG GCC GCA GGG CCA TAA AGC GCC ATA AAC

Tv mutcon50B antisense

GTT TAT GGC GCT TTA TGG CCC TGC GGC CTG

Tv mutbef50 sensc

TTG AAA AGC TGG CTG GGA TGG GGT GGC CCC GGG TGC TGG ACG
AGA T

Tv mutbef50 anti

ATC TCG TCC AGC ACC CGG GGC CAC CCC ATC CCA GCC AGC TTT TCA
A

Note: Yellow highlighted oligonucleotides indicate those that were described in the thesis. Underlined text denotes start of a new set of EMSA oligonucleotides.




Appendix E — EMSA-related figures
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Figure E.1.SDS-PAGE analysis of bacterially purified proteins used for EMSA. Bacterially expressed GST,
GST-LIMless Ap, GST-LIMless Islet, GST-LIMIess Lim3, GST-MadN, MBP and MBP-MedN were quantified by
UV Spectroscopy at 280nm. 3ug of products were loaded onto a 10% gel, ran and stained with coomassie blue.
Ladder is BioRad Precision Plus.
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A 922
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wiA: TTGGCCTTTIGCCGEGCC GTAATTACAGACTTCCG

mutBREA: e
mutHDA: GAGCTC
wiB: GCCATAAAC GCC GC GAC GECAATGGCARATTATAACGCATAC
mutBREB:
mutHDB: GTAGTAGTAGTA GAGCTC
wiC : GCTAGAAMGGCTAATIGGAL GT GCCC GGL CAGGATGICCCTGC
mutBREC: GAGCTC
B mutHDC - AGTAGTAGTAGTA
mutl-i DA wiB mutHDB mutH DG
.|
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Figure E.2. Apterous and Mad can bind specifically with all three predicted HD/BRE sequences. A. Schematic
representation of FMRFa locus, with Tv enhancer marked by its position relative to the FMRFa transcriptional start
site. HDBRE-A ,B and C are marked in red/yellow box in the enhancer. Wildtype and mutant sequences of
oligonucleotides containing homeodomain-binding sites (red) and predicted Mad-binding sites (yellow) are shown.
Red font indicates mutant bases. Exact sequences of oligonucleotides used for EMSA in (B) are shown, except for
wtA, which is missing the sequence 5’ ACTTCCG-3’ in the 3 end in this particular EMSA experiment. B.
Bacterially-purified GST-LIMless Ap (top panel) and GST-MadN (bottom panel) can all interact specifically with
each HDBRE in vitro. Binding activity is lost when each protein is tested for binding to oligonucleotides bearing
mutations in their corresponding binding sites.
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Appendix F — Proctolin

-1077 -24
{ b ProctlL GAL4
-577 |—> +1012
I - Procttran GAL4
Q77 COTATGARTG AGCATATIGS IACTAGTATT CCTCATCCCA TCGECOICGL BRRRACCCIT GCCCTOCCCG ARBCTGGCCC ACITCCCAIG COCGICRCGT
- CCATACITRC TCGTATARCG ATGATCATAR GGAGTAGGGT AGCCGCRECE TITITGGGAR CBBGACEEEC TTTGACCGSS TGARGGGTAC GGGCAGTGCE
Q77 AITCRAICAC ASCARTCGCT ACACARRACT GCGCTATATC RABABTITCG TCGET _CETGCGTGET ATTCARATGE TCCATTTCRC CEACACCACE
- TRAGITAGTG TCGTTACCGE TGTGTITTGA CGCGATATAG TTTITAAAGC MECCR SCACECACCE TARGITIACC LGGTARAGTS GCTSTGETST
BCH G CCRTAGCCAG CCGBCACATAT CCCAGCAGCE CGGRGS ARCART TGAGTGCIGS GCTCCAGITA ACGITERCCA ARGTCGTAGT
-877 cox < GGTATCGSTC GGCETGTATAE GEGTCETCSC GCCICT TATTGITA ACTCACGACS CGAEGTCRAT TECRATTGGT TTCAGCATCS
_777 ACCARGGACT GGGGCATTTA TTGACGCCCS CARTGICAAC RATTGCAGCC ATGACGACGG CAGTCCCEAC AGCAACTACT BACAGCARCA GTGCGOTARC
TGSITCCIGA: CCCCGTARAT AECTGCGSEC STIACKGTTC TTAACETCEG TACTEGCIGCC GTCRGGEITS TCSITEATGR TTEICEITET CACSCCATTS
_G77 BRAGTITTTG ARCTARGAGE TACCCTGHE ATAACE RARTACTGCT ATATGAREAT SARATC TTARACTSIT TATGTITASA ITCIGTREEAl
TTTCARRAEC TTGATICICT ATGESACK TETTET CTTTEG EATTTGACAR ATACEZETCT Z2GAC
577 T GC AXGGEACAGS ACRCATTTCT TGTRARTARE AREATTSTTS TGCACICETG CACTCAATAG TTATITCGRE
2 TCG TTCCCIGICC TGIGTRARGA RCATTTATTT r TTTTARCEAC ACGTGASTAC GEGASITATC AATRIRGCIT
477 TEERRX CETEERCR LACTRTTTAT ITCRGTTCCT CCTATATACC CACIT c CCAC GATSACTASE
ZARTTT. GCACCTET TTGATAZRTE: ALGTCARGGR SGATATATSS GTSART S5T6 CTACTGATCE
377 ZCRRECCCACT 2RRACCCGCR GECCRRGCEE ARCCATTTCG CCRGRTGAAG CIITCTSTIC GGEATSCTES TATGECGEES
TETTGEETE: TTTTEEECET CCEGITOSCT TTSGTAARET GETCTACITC GRERGACAES CCTTACGRCC ETRCCSCOCC
077 TETTTITIGE GCCTGLTGCS CZCGCOCGAS AACAGRACAZ TRASRRATGLG AGSCTACACAE AACRCGETCS CRCACAGCCE
BRAREARACC CGCACGACCC CISCEEGCIC TTSTCCTEIT ATCITTRCSS TCCEGIGIST ITETGCCREC SCOSTETCSET
-177 CAGGCACATG TRRACGAGTS TGIGGTGRCA ATCATRTSCE TRGGATGITE TTGTTITEETA CITTCSCISE CTITTCOCER CECTSCSCGT GCACTARRAES
GTCCGTETAC ATITGCTCAC RCACCACTET TACTATACST ATCCTACAAC 2RCARACCAT GRERGCSACC GARARSGECT GUERCGLGCE CSTSATTITC
.77 TOGRRRTGEGE LALGAGCTCS GCTTCE GEACZARC CRRAGE g ‘g aaTATEEEEC
ACTTTACCES TITCTCGAGEC CEAREC TCCIGITES
OCGTEETCEA cerccriel
+23
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Figure F.1. Detailed analysis of proctolin cis-regulatory region included in the proctolin reporters.
Evolutionally conserved cluster of sequences across Drosophila species ((D.melanogaster, D. erecta, D.
persimilis, D. pseudoobscura, D.virilis, and D.grimshawi) are underlined. The putative proctolin core
promoter (red font) is found to be surrounded by a cluster of homeodomain consensus (highlight in red), Mad
consensus or near consensus (highlight in yellow or purple)/Medea consensus (highlight in green) sequences.
Start methionine of GAL4(and also proctolin) is highlighted in blue.
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Figure F.2. Proctolin enhancer-GAL4 constructs. Schematic representation of proctolin enhancers linked to

GALA drivers.
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proctl GAL4

proctS CGAL4

UAS nis myc EGFP

ventral dorsal

procttran GAL4

UAS nis myc EGFP

UAS nls myc EGFP

ventral

ventral dorsal

Figure F.3. Expression pattern of proctolin reporters in the VNC of the 3rd instar larvae of Drosophila.
Confocoal z-series of the ventral and dorsal sides of the proctL? (A and B), proctS “* (C) and
procttranGAL" (D and E) reporter expression in the dorsal and ventral regions of the larval CNS. UAS-wis-myc-
EGFP is driven by the above reporters for detection of expression. No dorsal image was included for proctS
G4l pecause no UAS-nls-myc-EGFP expression was detected. UAS-nls-myc-EGFP expression was detected
in the Pc neurons (white box) when driven by procttran®™ (D) but not by proctL%* (A).
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procttranGAL4

anti-Proctolin

UAS-nls myc EGFP

Figure F.4. The procttran®" reporter produced similar expression pattern as Proctolin at first instar
larval stage L1. (A) Merged confocal z-series of proctL?* | UAS-nls-myc-EGFP expression pattern (B) and
immunostaining of Proctolin (C) shows overlap along the midline clusters of neurons and the Pc neurons (A,
white box).



PrtranGAL4/UAS PriranGAL4/UAS

nmEGFP; nmEGFP;
witB11/+ witB11/witA12

Figure F.S. Prtran GALA4 is regulated by BMP signalling. Stacked projection of larval LICNS showing UAS
nmEGFP driven by Prtran GAL4 in wildtype (witB11/+) and wiz (witB11/witA12) background. Prtran is a ~1 kb
translational fusion with GAL4 taken from just in front of the proctolin ATG codon.



HBQ GAL4 lim3CGAL4

UAS-nils myc EGFP anti-Proctolin

HB9/+ HBY9/HB9

anti-Proctolin

Figure F.6. HB9 and lim3 are two homeodomain transcription factors expressed in the proctolin-
expressing Pc neurons. All VNC were dissected from 1* instar larvae (A) Merged z-stack image of anti-
Proctolin immunostaining (B) and HB9“Y* UAS nls myc EGFP expression (C). (D). Merged z-stack image of
anti-Proctolin immunostaining (E) and /im3°“* UAS nis myc EGFP expression (F). Anti-Proctolin
immunostaining for HB9/+ (G) and HBY/HBY (H) showing that HB9 regulates proctolin.



553bp proctolin enhancer 445bp FMRFa enhancer
Control BMP mutant Wild-type BRE mutated
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Figure F.7. The 553 bp proctolin and 445 bp FMRFa enhancer are both BMP-responsive. Left panel
depicts a diagram of Tv (red) and Pc (neurons) in the Drosophila central nervous system. Visualization
of enhancer GAL4 > reporter nerve cords from first instar larvae (A-D). Compare A and B for 553 bp
proctolin reporter expression in wildtype versus BMP mutant. Mutation of Mad binding sequences in the
445bp FMRAa reporter result in loss of reporter activity (compare C and D. BRE stands for BMP
response elements and are Mad binding sites).

FMRFa 1: Nie-GCCGGGCCCTANINCAGAR
2: Nic-CGCCGCGACGGCAATGGCAANTINTAA
3: N1e-GGCMMITGGACGTGCCCGGCCAGC-Nr+- I

Proctolin: 1. CGGCTTCGG-AGGACAAACCAAAG?!ITCG

2. BB N:- GGGCGTGCTGGGCGTATACG GATGATGACGCCCGA

Figure F.8. Cluster of homeodomain (purple) and Mad (yellow) and Medea (green) sequences in the
553 bp proctolin and 445 bp FMRFa enhancers. Note that shown sequences are not necessarily identical
to the consensus ones.
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Figure F.9. Expression pattern of FMRFa and Proctolin in BMP-responsive cells in the ventral
nerve cord (VNC) of the Drosophila melanogaster. Tv (red), and Pc (blue) neurons. TFs (TFs) in
each cell type is listed. Asterisks denote TFs that are uniquely expressed in the Thoracic (Tv) or
Posterior cluster (Pc) neurons.



Appendix G- dilp7

-1040 — +660
' Dilp7 GAL4
EGCRACRTRE ATGOGTATAT ATRERETGIEYT TTIATIGCRT ICCTASCACR GITGIGGRAT TSARCHATAT TTGARTITAS ARAGRAZAELE AOCGCGRRETE
1040
- TCGTTCTATT TECGCARATATR TETITACATZ ASRTSACET: AGGRICGTGT CAACACCITR ACIISITEIE ERCTEARERTC TITCITTIGT IGECECITICT
ERRTGECkEAE TTGRRCAAAER GAERRGYTTE RETATTCTIXZS TATARGCSTE ACRIRRARRT RGITTITITG TSTRCCCIET AGGGTRETTCG CIRSTCGCCT
'940 TTECCEITTT RACTIGTITT CITTTCARRT TTATARZATT ATATTCSCET TGIRATITITE TCRaaRARZC RCATGGGECZ TUCCATERAGT SATCSSCGGRE
-8 40 ATTCTOECER: EAATTEAARC ZARMCTASTG TATAZLR2XLZ RBRAADGORTTZ CGRMATETAC TCATOATTTY AOQATTTLLE ITLITATORS AMSCSZ1LCT
TARGAGCSCT TITTRRCTITS TTITGETCRC ARTETITITTIT TTTSCGTART GCITITACATS ASTASTZ232 THESTAARSTIC ERTEETRCTT TICSCITIGRE
TATTITATTT GTATATGAAT CTARTATCTAC RATZ22CATT TGTTCATTOT GTTARATRRE ZATTGATEAC TCTSTSTACR [T
'740 BATAACAT::} CAYETACTTR CATATACATG TTATITGTAR AECARSTARACRE CRATTTATIT TTRECTZCTG AGRCACRTGT GITATRLT 2AERTE
TTRITGGCET GCCEGTGETE TICRCITCIRE T GTTTRARTCS RITGRITTAR EECTTCTARG LRTITG CRETRERERRE AGAGACARCT
‘640 RATRLCCETA CGGTCACORR LAGTGARGAT 2 CEMXATTTAGC TARCTARATT TTE22CATTC GTAR GTTAITTTIT TCICICITGRL
5 4 0 STLTACAKTH GTGITAAGIG CCAGGCAARYT AMATTCASCT TTASTLICAT CCRCTATITE TTTACTICATC GATTCCRAAT GEOACGSTIT ATITIIGICR
- CARATGTTAT CRCRRTTCRC GSICCGEITTE TTTAAGICGSE ERTCRARCTA GOTGRTARALC ARATGASTAG {TRRGGITTA CIGIGCCARR TRARZZCRACT
4 40 SACSIALLIE TITGECITLS AMACCARTIZE ALCCIGTEIE T T 17 - teeekn CACRITCARG AIIL
- TTGCATTTAT AERCCRRARC ITTGGITAIT TAGGALSCEC T TT GIGTRASTIC T
AAGTICZCIT CGRRAGLACT TACRRAZARE RARJZZATTL TSSAARATEER GECTTCCRRE AGSTRECC2: RCACCEEIRE TOTCATCCEE: SRACTIRRTY
'340 TECANSTCAR GCTTDCGIGR ATGITIITIT TIITITTARS ACCTIriAkTr CCGRAGSTIT TCOSITSSIT TELGGCCEIC ACAGTASSIT TITGATITGE:
_240 CORETHGTAR GCCRRSGASS ZAGGECCICT RCITGSASLT STISERSCAT ICICTGIAGE ZR2GSTECAYT CATAARTICRE (CROGGRRTST SIRRRCASCS
SCTTAICEIT CGETCLILC IICCIGEAGE TSRaUCILeAa CRACCTIOGLE ACACACEICE IITLCALGIZ CLATITAAGT CIGLLITECA LEITISILGEC
_140 A TTITZ GCTEAGCTAT GSETESCTTIT TUTTARTECAT RCICGCALRAL TEEECTCERAE: GRBRATCARC TT ZBLTRRZAERZR
T T CGRTTCGETR & ASEATRCETE TGAGCETGEIC ACCTOSASTIT CTITCASIIE R R ITITITITIT
40 TITTAASATE T3 T&ET CCREATGRITE CCAL CRT TAYTTTCELT ATATTITOOC
ASAATICIAC AT BRCCA GEITRECTRRC SET ST ZFEZEREEERYE TZ2TRAHIAECE
+60 GOTTTRASCY CROPETTIICS S CREMLITTT2T QOUOOCTTLC ARATARELAC RABTCELCOCES CATTCCEECT
CEARELTCESE GIGACEERASZC GITTTRERTE {SSICS22SC TTTATTITIS TTCRADGESCC &I ESoCER
+160 {GITTITACGL CCCRARCAGC P RGCCREGTRE CRASCETTSCAS STEEARRATC GECRLCTEEE ASCEATCART
ZOARIITSOT SOETTITSTOR TOSSTIOOIT ZToNAASETE LRO0TTTTAS CORITDMDTT TRETTSNITS
CRCKTRTATS TRGESHAGTS SCTECCCART SERATCSCAS ATRAACMAGE CARTAASCSS ATAACSEECT GOATRCSCRE TTSCISCCGT
+260 GLELACATAT ATCLTTTIRT € LEECSEEITA COCITEGCSTC IATTTOITLC STTATTICSCC TSTIGCD CETRAIGOGTT AACGACOECR
ASCICIT TTERAT TECATTSSAT TSECOEETTS ITABACASST CCISATCCSE TOCTESSEST ITCh AATASAGTED
+360 TLEN TARCCT ACCTAACECTR ACCEECCAAT ACTYITICICCR SEALTESICC ARSADLCSSA 8T CTCEEE
+ 460 TEARCCR2ACS T 2OCECDGRCE . Betletlalt > N TOEE TTATETTTSZ: A2200FSACE R{RACICCSRD
ACTGBITTST TEGCEEIIET CCoBCB86TaA Brotak COCRRGOC ARTATERAST TITGGACISLT ITSISI&EEIIS

+560 CAGRECSCITC AGITESCALS CATCORCICGT GICAEICEI: Ik
CICTCECCAs TCASCOSTEC GIAGOCERCE CACITESNEL ASD

SERTIRE
ASTLOCTASIC

CRTTOCETOS
;7 y-tAezer Vic

AIZSCTTES
TAITSIAATT

ASCADARTTE GRECAIRRIE

ATTARLIRRTE

TOETSTLaAS CITERERTIT

TIRATTEFITA

+660 .

Figure G.1. Detailed analysis of the dilp7 cis-regulatory region included in the dilp7°4V4 reporter.
Evolutionally conserved cluster of sequences across Drosophila species ((D.melanogaster, D. erecta, D.
persimilis, D. pseudoobscura, D.virilis, and D.grimshawi) are underlined. The putative dilp7 core promoter

is in red font.

Clusters of homeodomain consensus (highlight in red), Mad consensus or near consensus

(highlight in yellow or purple)/Medea consensus or near consensus (highlight in green or light green)
sequences was found. Start methionine of G4L4(and also dilp7) is highlighted in blue.
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dlilp7GAL4

UAS niIs myc EGFP

Figure G.2. Expression of dilp7-“‘" in 1 Instar larvae of Drosophila. Projected whole VNC confocal z-
series of the 1% Instar larval VNC . B) dilp7%*; UAS nls.myc. EGFP. Both are expressed exactly in a pattern
consistent with previous reports.
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Appendix H — Bioinformatics

Black capital letters represent bases in the D.melanogaster reference sequence that are conserved in the D.simulans,
D.sechellia, D.erecta, D.yakuba, D.virilis and D.grimshawi orthologous DNAs

attgatgagactcgtc
1 tttcagcccecocacecca

TTgGCCtTT1 '-’-GGCCGTAATTACAGACTT” maniw: 1C

~Ffacot o

&l Cgagrct »._‘r_'.c_-':_' d _/g_j""'l g’ rttte Y\:_‘]-L C o
AcGum TGCch TAGGCGCCACAAEGTATCC‘ gttac wrG‘I“I‘ACAGGgCCATAAAﬂcg cCATAAacg cGC
GACG< [CAATGOCAAATTATACGCATACHUJACACGTAGLCY cactggctagaaGGCTAATTGGACGE
CCd jgatgcocggicdt

Black capital letters represent bases conserved in all species and colored bases represent sequences present in ail

species except s, D.sechellia, D.erecta, D.yakuba, D.virilis or D.grimshawi

- ( -t t :,_: acgta tatattgattatgggtgatogtcaacaagages \ca
1 AQAaCCC GAC CATTTCTGC”-’ AGTCATG itggtgyg 1aLAagcc S
attyg : ale: ~AAAC'_‘TTGGCC‘I"1‘TT Ge "_GGCCGTAATTACAGACT‘I‘CCG CT‘TL Lgaac
agttttttcagcceccacccaagagtegagtcttgazaagetguc LggGATGGgGTGGLE Lt EcGGgtgctgG
ACGAGATGCCA’TAGGCGCCACMT GTA'I'CC1 gt tacagGTTACAGGGCCATAAAGCoCCATAAACOCCGC
GACGGCAAT GqCAAATTATAaCGCATACG rACAC‘G'I‘AGT( gatccactggcbaga AGGCTAATTGGACGT
GCoCGuCCAGGATGEcccngeraat

Black capital letters represent bases in the D.melanogaster reference sequence that are conserved in the D.simulans,
D.sechellia, D.erecta, D.yakuba, D.pseudoobscura, D.virilis and D.grimshawi orthologous DNAs

£ . ---*A‘I‘AAac*'ccGC
_G 7CAAATTATAaCGCATACo a,ACAcGTAGt gatccactggetaga —tGGC‘I‘AATTGGACGt

gcccggccaggatgtccctgetea

Black capital letters represent bases conserved in all species and colored bases represent sequences present in all
species except D.simulans, , D.erecta, D.yakuba, D.pseudoobscura, D.virilis or D.grimshawi

ag i cagocooca 27 SGAgECTEL
AcGag —TGCCA’fAGGCGCCACAALGTATCC" gttacag glg S
GACGyCAAL GgCAAATTATAaCGCATACG }ACACGTAG gatccactggctaga “GGCTAA'I‘TGGACGT

GCccGgCcAGGatgteectacteat

Figure H.1. Evoprint of Tv enhancer showing results after filtering various Drosophila species.
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Explanation of genomic BLAT of Tv sequence to Drosophila species

Comparative Genomics: For each eBLAT (1-3) that aligned to the D.melanogaster TV enhancer piece,
we performed both a BLAST search (in Flybase) and a BLAT search (in UCSC Browser) of that
sequence on the pertinent species’ genome. We then examined whether that sequence was near the
FMRFa gene for that species. For every species, onlt the 1* BLAT was in the vicinity of the FMRFa for
each genome, and in all cases was found 5° of the FMRFa gene. To account for the potential failure of
annotation of additional FMRFa genes within the region of BLAT2 or 3 sequences, we performed
TBLASTN 2.2.21 (NCBI: Search translated nucleotide databases using D.melanogaster FMRFa full
length amino acid sequence). In every case, only one FMRFa gene was found in each genome and
BLAT?2/3 sequences were not found to be in the proximity of that FMRFa gene. These data, utilizing the
sequenced genomes currently available for each Drosophila species, suggest that the Tv enhancer has not
been subjected to rearrangement or duplication throughout the evolution of Drosophila, spanning
D.melanogaster to D.grimshawi. These data further establish that the Tv enhancer is upstream of the
FMRFa gene in all species.

[Stephen F. Altschul, Thomas L. Madden, Alejandro A. Schiffer, Jinghui Zhang, Zheng Zhang, Webb
Miller, and David J. Lipman (1997), "Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs", Nucleic Acids Res. 25:3389-3402].

In the following pages, we show the genomic location of the sequence that best matches the Tv enhancer.
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

Location of Tv piece relative to D.melanogaster FMRFa gene
(showing 2R:5788096..5798095)

Overview of 28
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Location of Tv piece relative to FMRFa gene
(showing 2R:5788096..5798095)
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.simulans — GENE ID: 6733792 Dsim\GD10699 NCBI locus: XM 002080800.1
Blat 1 only one that maps to FMRFa

Release=r1.3 4423713.. 4424156

Showing 2R:4418935..4428934

Overvieu of 2R I
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.sechelia GENE ID: 6608431 Dsec\GM21167;: NCBI accession XM _002033129.1|

— Blat 1 only one that maps to FMRFa
release=r1.3 Scaffold 1: 3403612.. 3404057
Showing scaffold_1:3398835..3408834

nvervigtuof sc?ffold_% |
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.erecta GENE ID: 6541511 Dere\GG24119; NCBI accession XM_001969091.1]
— Blat 1 only one that maps to FMRFa
release=r1.3; scaffold_4929: 8575920.. 8575478
showing scaffold 4929:8570699..8580698
Overvieuw of scaffold.4929
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.yakuba GENE ID: 6528833 Dyak\GE19316, NCBI accession XM _002089829.1|

— Blat 1 only one that maps to FMRFa
release=r1.3: 2L.:18418229.. 18418669 and
release=r1.3: 21.:18418701.. 18418870
showing 21.:18413449..18423448

Blast for 21.:18418229.. 18418669
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.persimilis GENE ID: 6592788 Dper\GL16762; NCBI accession XM _002018403.1]
— only Blat 1 hits FMRFa

release=r1.3; scaffold_4: 6304994..6304577

showing scaffold_4:6299786..6309785

Overview of sc?ffuld_4

on 1k 2N 3n ah 5H 6 I ™

$300k 6301k 6302k 6303k 6304k 6305k 6306k 6367k 6308k 5309k
Gene Span

Dper\GL16762 Dper\GL47707
MRNA

Dper\GL16762-RA Dper\GL17707-RA

P ]
niRNA
Orthologs

Farf G441

BLAST 5 ::
-r-'—“-/
==

‘egion in D. melanogaster

R

Il 1 1 L 1L 1 1 1 1 1 I 1 1
5762k 5763k 5764k 5785k G786k 5787k 35k 5789k 5790k 579K Kk 5793 kK 5795k
Gene Span

CG30007 CG1id41 Farf

- < ]

nRNR

CG30007-RE C61441-RA FmeF-RA
— - - m—- —— — 1 S o ¥ -— e 51 54 SR

CG30007-RB CG1441-RB

CG30007-RD

CG30007-RC

i

106



Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.ananassae. GENE ID: 6496402 Dana\GF13563 NCBI Accession XM 001960803.1|
Only Blatl hits FMRFa
Release r1.3; scaffold 13266: 15300329.. 15300672
Showing scaffold 13266:15298329..15302672
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.pseudoobscura, GENE ID: 4804717 Dpse\GA15356 NCBI accession: XM _001361198.2
Blat1 only one to hit FMRFa

release=r2.4: 3: 10983437.. 10983147

showing 3:10978292..10988291
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.virilis (Dmel FMRFa TBLASTN hits two records in D.virilis — but both are the same gene)
GENE ID: 6625712 Dvir\Fmrf; NCBI accession XM_002051008.1]

chrom12875 + 20483908 20485734 1827

chrom12875 + 20484455 20485495 1041

Release=r1.2; scaffold_12875 : 20459755.. 20459825

Release=r1.2; scaffold 12875 : 20459859..20460123

Showing scaffold 12875:20455751..20465750. NCBI accession
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.grimshawi GENE ID: 6560226 Dgri\GH20248 NCBI accession XM_001986904.1|
Release=r1.3; scaffold_15245: 11087651.. 11087366
Showing scaffold_15245:11081000..11091000
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.willistoni ENE ID: 6640994 Dwil\GK15742. NCBI Accession XM 002063706.1|
Release=r1.3; scf2_1100000004514: 923454.. 923290

Showing scf2_1100000004514:914000..924000
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Explanation of genomic BLAT of Tv sequence to Drosophila species (continued)

D.mojavensis GENE ID: 6578865 Dmoj\GI19418 NCBI accession XM _002004728.1|
BLAT ! is the only one to hit FMRFa. Seq of BLAT1 BLASTSs to two close seqs.

Release=r1.3: scaffold 6496: 5676089.. 5676021
Release 1.3: scaffold_6496: 5675955.. 5675789
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Showing scaffold 6496:5668000..5678000
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