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Abstract
Development of properly patterned tissues requires cells to transit from a multipotent state to
diverse differentiated states in a precise spatiotemporal manner. These transitions are directed by
a limited number of signaling pathways via their transcriptional effectors that regulate the
necessary changes in gene expression. How repeated use of the same signaling machinery
confers specificity to the spectrum of fate transitions it controls is still poorly understood. In my
dissertation research, I focused on this broad question from the viewpoint of Receptor Tyrosine
Kinase/Mitogen Activated Protein Kinase (RTK/MAPK) signaling pathway and its downstream
transcriptional effectors, the repressor Yan and the activator Pointed (Pnt). My researched
centered on two scales of this process: primarily how MAPK signaling regulate the activator Pnt
for diverse cell fate transitions; secondly how Yan and Pnt control target gene expression. As
RTK/MAPK signaling cascade is one of the most conserved pathways in multicellular animals
and drives distinct cell fates in a broad range developmental contexts, the MAPK response

becomes an ideal context in which to investigate this question.

I first studied the MAPK/Pnt response in the Drosophila eye, which consists of a highly ordered
array of ommatidia. Each ommatidium contains eight distinct photoreceptors, R1-R8, specified
sequentially in a precise spatial pattern. Recruitment of R1-R7 fates all require reiterative
RTK/MAPK signaling-mediated activation of the transcriptional effector Pnt. However, R1-R7
can be divided into two rounds of specification defined by different MAPK activation levels,
raising the question of how the Pnt response is tailored to the distinctive MAPK signaling

contexts. I discovered a previously unstudied Pnt isoform, PntP3, and showed that its respective

vii



inclusion or exclusion in the RTK transcriptional effector circuitry defines two distinct Pnt
regulatory networks for the two rounds of specification. Using a combination of genetic loss-of-
function experiments and analysis of isoform-specific expression patterns and mRNA levels, |
mapped out the cross- and auto-regulatory interactions between the three Pnt isoforms that define
the two networks. Furthermore, my results suggested the inclusion of PntP3 in the network
conferred robustness to cell fate specification under conditions of compromised signaling.
Considering the conservation of the RTK/MAPK/Pnt pathway, the interconnected transcriptional
effector network that my work uncovered is likely to be exploited in diverse developmental

scenarios.

As the recruitment of cell fates is driven directly by the activation of gene expression, I then
studied Pnt/Yan regulation on gene transcription at the molecular level. Precise regulation of
gene expression from transcription factors is organized by the DNA regulatory elements that
they bind. Cis-regulatory modules contain clusters of transcription factor binding sites. The
number, affinity and organization of the binding sites, termed the cis-regulatory syntax,
coordinate transcription factors binding at the regulatory element and determine the transcription
output. I used the Muscle Heart Enhancer (MHE), a well-defined enhancer that activates even-
skipped (eve) expression for cardiac muscle precursor specification in the Drosophila embryo, as
an example to study the cis-regulatory syntax organizing Yan and Pnt. There are eight ETS sites,
which are recognized by Yan and Pnt, identified and characterized at MHE, with 3 strong and 4
weak affinity sites. Using individual and combinations of ETS site mutations, a previous study in

the lab had suggested the respective Yan and Pnt's preference for strong and weak sites and

viii



defined a pair of overlapping strong-affinity sites as critical to effective Yan repression. However

the molecular mechanism behind these preferences was unknown.

I developed a thermodynamic model to study how this cis-regulatory syntax organizes the exact
Yan and Pnt binding at each site in order to generate hypothesis for future experimental
investigations. Using this model I demonstrated how three-dimensional long-range interactions
among the three strong-affinity sites could facilitate Yan occupancy and transcription repression,
and showed that such regulation would be dependent on the self-association ability of Yan. My
results also predict that collaborative interactions between Pnt and other transcription activators
bound at MHE is required to activate MHE expression. Thus my model proposes that the
combination of long-range repression plus local collaborative activation contributes to precise
gene activation. This work sets a theoretical basis for future experimental studies on a general

principle for Yan and Pnt regulation on different enhancers.
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Chapter 1 Introduction and Background

1.1 Signaling pathways regulate cell fate specification through transcription factions (TFs)

The proper development of multicellular organisms relies on the interpretation of many different
signaling cues. The following introduction section focuses on RTK/MAPK signaling, a key
signaling transduction pathway that has profound impact in many developmental processes. I
will discuss its architecture, function in different developmental contexts, and the modes of

regulation that allow it to achieve its specificity.

1.1.1 Transcription factors mediate signaling cues to direct cell fate specification

The development of multicellular organism at its core relies on the correct patterning of an array
of organs and tissues, each of which are composed of cells adopting different identities in precise
spatiotemporal sequences. Being the hotspot of developmental biology since 1900s, this cellular
decision-making process has been revealed to be a sequence of cellular changes in response to
extracellular inductive signals. Research efforts have thus focused on identifying the inductive
signals and then investigating how they specify the hundreds of different cell fates needed to
form a complex multicellular animal. Because these signaling mechanisms are evolutionarily
conserved and work in essentially identical ways to specify fates in evolutionarily divergent
metazoan species, studies in a genetically manipulable invertebrate like Drosophila have made

huge contributions in uncovering developmental mechanisms at play in higher vertebrates.

A key realization that forms the core of the specificity conundrum, is that animals use a very
limited number of signaling transduction pathways to generate the full diversity of cell fate

adoptions; in other words, cellular diversity can not be simply explained by matching regulatory



diversity at the pathway level (Gerhart, 1999; Perrimon et al., 2012; Skov and Heegh, 2002).
Rather, diversity must be achieved both through regulation of the cell-to-cell contacts that
modulate the amplitude and duration of the transmitted signal and through adjustment of the
downstream signaling effectors that receive, interpret and transduce the information into
differential cellular responses. For example, a signaling pathways can act cooperatively or
antagonistically depending on developmental context, and coordination with spatiotemporally

restricted factors can further contribute to signaling specificity.

Signaling pathways act through their downstream transcriptional effectors to control the gene-
expression programs which directly regulate cellular responses. Further increasing the diversity
and specificity of gene regulation, transcription factors also act in combinatorial codes, just as we
mentioned for the signaling pathways. More studies on the regulatory relationships between
signaling pathways and on how the combinatorial action of their transcription effectors
effectively integrates the upstream signaling cues is the key for better understanding the

developmental mechanisms underlying context-dependent cellular responses.

1.1.2 The RAS-MAPK signal transduction pathway is essential to cell fate specification during

diverse developmental processes in Drosophila

1.1.2.1 The architecture of the MAPK pathway in Drosophila

Mitogen-activated protein kinase (MAPK) pathway cascades have conserved roles in a wide
range of cellular processes, including cell proliferation, differentiation and apoptosis (Cargnello
and Roux, 2011; Chen and Thorner, 2007; Molina and Adjei, 2006). The MAPK protein was

originally isolated from a mouse cell-line in the 1980s but then quickly found to be conserved



across organisms, all the way to yeast (Boulton et al., 1990; Ray and Sturgill, 1988; Rossomando
et al., 1989; Widmann et al., 1999). Its broad functionality and evolutionary conservation, as well
as the association of MAPK mutants with various diseases like cancer and neurological disorders
(Bohush et al., 2018; Wagner and Nebreda, 2009), have stimulated extensive studies on the
cellular mechanics underlying MAPK signaling cascades. Coordinated efforts in genetics and
biochemistry across a range of in vivo and cultured cell systems have revealed deep
understanding of precision and versatility with which MAPK signaling pathways convert

extracellular stimuli into cellular responses.

MAPK signaling cascades transmit signals through sequential activation of layers of protein
kinases. Defined by the type of MAPK, there are four conventional MAPK cascades comprising
Extracellular Regulated Kinase (ERK1/2), c-Jun N-terminal kinase (JNK), p38 MAPK, and an
additional newly evolved MAPK, ERKS, found only in vertebrates (Cargnello and Roux, 2011;
Chen et al., 2001; Kyriakis and Avruch, 2001). For all MAPK cascades, sequential
phosphorylation of upstream protein kinases introduces dual phosphorylation on the Thr-X-Tyr
motif of MAPK. After that, MAPK phosphorylates specific serine and threonine residues of
target substrates, which include other protein kinases and many transcription factors. The ERK
cascade, being the first mammalian MAPK to be cloned and characterized, is the most
thoroughly studied MAPK signaling pathway and plays pivotal roles in cell fate adoption
(Burdon et al., 1999; Cooper et al., 1982). The core components of the ERK kinase cascade are
Raf, a MAPKKK, MEK, a MAPKK, and ERK, the MAPK. The GTPase Ras serves as an
upstream activating protein to initiate the sequential phosphorylation of this cascade (Molina and
Adjei, 2006). For simplicity, throughout my thesis I will refer to this as either the RassMAPK

pathway or the MAPK pathway.



The cytoplasmic Ras/MAPK pathway is activated in response to the association of extracellular
activating ligands with integral membrane receptors (van der Geer P, Hunter T, 1994). In
Drosophila, ligand binding to receptor tyrosine kinases (RTKs), including Torso, Epidermal
Growth Factor receptor (EGFR, also known as DER, Drosophila EGF Receptor), Fibroblast
Growth Factor Receptor (FGFR, known as Heartless (Htl) and Breathless (Btl)),

Alk and Sevenless (Sev), triggers the activation of the Ras/ MAPK cascade (Basler and Hafen,
1988; Beiman et al., 1996; Shilo, 2005b; Xiangyi Lu, Lizabeth A. Perkins, 1993). As Fig 1.1
illustrates, association with ligand induces the dimerization of receptors, thereby enabling trans-
and auto-phosphorylation of the conserved tyrosine residues. After phosphorylation, the RTKs
are recognized by the adapter protein Grb2/ Drk. The protein complex then recruits the guanine
nucleotide exchange factor Sos (Son of sevenless), which enables the activation of Ras. Once
Sos is recruited by Grb2, all RTK/MAPK pathways utilize exactly the same downstream Ras/
Raf/(ERK)MAPK cascade (Sopko and Perrimon, 2013). MAPK then phosphorylates protein
targets, including the ETS transcription effectors Yan and Pnt, to generate cellular responses

(Brunner et al., 1994; Gabay et al., 1996; Rebay and Rubin, 1995).



ligand

Nudeus

Fig 1.1 The Drosophila RTK signaling pathway

Linear flow from cell surface to the nucleus is depicted. On the cell surface, ligands bind RTK,
which upon dimerization triggers the MAPK signaling cascade. Detailed flow of the pathway is
described in the text. Yan and Pnt are ETS family transcription repressor and activator
respectively. Upon phosphorylation, Yan is exported out of the nucleus and degraded while Pnt
is activated.

1.1.2.2 The MAPK pathway establishes diverse cell fatse in a context dependent manner

RTK/Ras/MAPK signaling pathways establish cell fates in diverse developmental contexts in
Drosophila. Although different RTK pathways all converge to the same Ras/Raf/MEK/MAPK
cascade, the pathways direct distinct cell fates: the Torso pathway is the first RTK to be
deployed in embryogenesis, defining the anterior and posterior embryonic termini (Xiangyi Lu,
Lizabeth A. Perkins, 1993); the two FGF receptors are required for the patterning of mesoderm
and tracheal system (Huang and Stern, 2005); the EGFR pathway controls muscle precursor
specification during embryo development and wing and eye patterning in larval developmental

stages (Perrimon and Perkins, 1997); graded activation of EGFR along the proximal—distal axis



of leg and wing discs specifies different fates (Campbell, 2002; Wang et al., 2000). The
examples discussed below illustrate how the diverse outcomes depend on both the strength of the
RTK/MAPK signaling and on cross-talk with other signaling cascades, and provide critical

background information for interpretation of pnt mutant phenotypes described in Chapter 2.

1.1.2.3 Role of the MAPK pathway in specifving the wing field

The Drosophila wing originates from the embryonic ectoderm and develops into a disc shaped
monolayer epithelium called the ‘larval wing disc’. During early larval development, the distal
and proximal regions of the wing disc are specified into two compartments that will give rise to
the notum and the appendage (the wing field). By third instar, the wing field is subdivided into
the proximal hinge and wing blade, and the wing blade is further divided into dorsal (D) and
ventral (V) sides. The cells within each compartment are distinct precursors that will give rise to

specific adult structures (Fig 1.2).
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Fig 1.2 Wing development from 2nd instar larvae stage to adulthood

A) During the 2™ instar, the ligand Vein (yellow) is expressed at the proximal side of the disc
and diffuses distally to generate an EGFR signaling gradient. During the 3™ instar, this gradient
results in regional specification of the notum (red), hinge and wing pouch (green), which is
further subdivided into dorsal (D) and ventral (V) side. C) The adult wing blade (green) is
developed from the wing pouch.

EGFR signaling specifies different wing compartments in response to a gradient of its activating
ligand, Vein (Vn). It is interesting to contrast Vein with another activating ligand, Spitz, that
regulates EGFR signaling in most other embryonic and imaginal tissues. First, Vn possesses
inherently weaker activation capacity comparing to Spitz. EGFR activation capacity was
compared in cultured cells and in the embryo by measuring MAPK phosphorylation and
induction of target gene expression (Golembo et al., 1999; Schnepp et al., 1996). Second, unlike
Spitz which has to go through a tightly regulated cleavage process, Vn is freely secreted

(Schnepp et al., 1996). In the early wing disc, Vn expressing cells in the proximal region secrete

ligand which diffuses distally to generate a gradient of ligand (Shilo, 2005a; Wang et al., 2000).



EGFR is expressed in all cells, and so the ligand gradient results in a corresponding gradient of
pathway activation. The gradient difference is increased by positive regulation on vn
transcription from Vn/EGFR activation (Golembo et al., 1999; Wasserman and Freeman, 1998).
At the proximal region, strong Vn/EGFR activation is required to specify the notum. Thus vein
hypomorphs or compound heterozygosity for egfr and vn mutant both show loss of notum
(Simcox et al., 1996; Wang et al., 2000). Interestingly, complete loss of Vn results in a tiny wing
field, suggesting its role in the distal wing field where Vn levels are lowest (Clifford and
Schiipbach, 1989; Simcox et al., 1996). Subsequent research showed that Vn/EGFR activation is
required for the expression of Apterous, which is the dorsal selector gene of the wing field
(Wang et al., 2000). Therefore, high levels of EGFR activation are required to specify the notum,

while moderate Vn/EGFR activation is used to specify the dorsal wing field.

1.1.2.3 The MAPK pathway is required for the specification of cardiac cells during embryonic

development

Heart development in Drosophila melanogaster exhibits remarkable similarities in terms of
morphogenetic processes and regulatory mechanisms to heart development in vertebrates. For
both Drosophila and vertebrates, proper heart development involves four major events: 1) the
migration of a subset of mesodermal cells; 2) their specification as cardiac mesoderm, i.e. heart
precursor cells; 3) the elaboration of different cardiac cell types; and 4) the final morphogenesis
that sculpts the organ (Ahmad, 2017; Bodmer, 1993; Bodmer, 1995; Vogler and Bodmer, 2015).
Multiple signaling pathways mediating these developmental processes are also conversed, with
considerable attention focused on cardiac cell specification (Carmena et al., 1998; Liu et al.,

1999; Liu et al., 2006; Lockwood and Bodmer, 2002; Park et al., 1996; Wu et al., 1995).



In Drosophila, the RTK/Ras/MAPK signaling pathway cooperates with the Wingless (Wg)

and Decapentaplegic (Dpp) cascades for cardiac mesoderm specification in the embryo
(Carmena et al., 1998; Halfon et al., 2000). Dpp is the primary factor in dorsal mesoderm
specification. Loss-of-function mutations in any of the genes of the Dpp pathway, including dpp
itself, its receptor and downstream transcription effectors, all lead to the failure to develop dorsal
(including the cardiac) mesodermal derivatives (Frasch, 1995; Xu et al., 1998; Yin and Frasch,
1998). Wg signaling adds specificity to the more restricted dorsal cardiac mesoderm such that
embryos lacking the two receptors of Wg or its downstream transcription effector are missing
cardiac precursor cells (Bhanot et al., 1999; Chen and Struhl, 1999). Together, Wg and Dpp
prepattern the dorsal cardiac mesoderm and establish the regional competency to respond to

Ras/MAPK inductive signal (Lockwood and Bodmer, 2002).

Within the cardiac mesoderm, FGFR and EGFR signaling initiates cardiac cell fate specification
through the downstream transcription effector Pnt. Overexpression of a dominant negative FGFR
throughout the mesoderm resulted in a strong reduction of heart cells (Michelson et al., 1998).
Similarly, loss-of-function mutations in egfr led to complete absence of cardiac cells (Grigorian
et al., 2011). Furthermore, targeted overexpression of EGFR or FGFR ligands in the mesoderm
increased the number of heart cells (Grigorian et al., 2011; Kadam et al., 2009; Klingseisen et al.,
2009). In the following section I discuss the molecular mechanisms behind this signaling

cooperativity.

1.1.3 MAPK coordinates with other signaling cascades through the regulation of transcription

factors

1.1.3.1 Combinatorial action of transcriptional effectors of MAPK and Notch signaling




Cross-talk between MAPK and Notch signaling is a commonly used mechanism to control fate
transitions in many different contexts during development, including the embryonic heart. Before
returning to the discussion of heart development, I first summarize the interrelationships between
MAPK and Notch in the C. elegans vulva and in the Drosophila eye. Development in both
tissues requires a common pattern of sequential MAPK and Notch signals (Sundaram, 2005;
Vivekanand and Rebay, 2006). For both systems as the illustration in Fig 1.3 shows, Notch
signaling first contributes to the establishment of the “organizer cell” that produces the inductive
signal that directs the specification of the subsequent cell fates, in C. elegans vulva this role is
played by the Anchor Cell (AC) in the Drosophila eye by the R8 photoreceptor. In both systems
the organizer cell expresses a short-range diffusible ligand, EGF in the vulva and Spitz in the
eye, that activates the RTK/Ras/MAPK cascade in neighboring cells to initiate their
specification. In turn, the activation of MAPK signaling stimulates the expression of the DSL
(Delta/Serrate/LAG-2) protein, which acts as the ligand to activate Notch pathway in adjacent
cells (Chen and Greenwald, 2004; Tsuda et al., 2002). The end result is that specific vulval or
photoreceptor cell fates reflect the different combinations of high versus low MAPK and Notch
signaling each cell experiences. Similar patterns of sequential signaling from MAPK to Notch,
coupled with feedback between the pathways, have also been observed in the muscle and cardiac
cell specification in Drosophila embryonic mesoderm and Drosophila tracheal tubulogenesis

(Carmena et al., 2002; Tkeya and Hayashi, 1999).
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Fig 1.3 Combinatorial activation of RTK and Notch signaling specifies distinct cell fates in the
C. elegans vulva and the Drosophila retina

The organizer cell is grey, and yellow cells are specified before the blue cells. Prior to their
specification, the cells labled P5.p-P7.p in A and R6, R7, and R1 in B form an equivalence
group; in both cases individual fates are specified by different combinations of RTK and Notch
signaling. A) C. elegans vulval cell specification. The gonadal anchor cell (AC) expresses LIN-
3, the activating ligand for the EGFR RTK LET-23. RTK signaling is activated most strongly in
P6.p to specify it as the primary vulval fate and less strongly in P5.p and P7.p. RTK signaling in
turn activates transcription of the DSL ligands for Notch, with highest DSL production occurring
in P6.p. This inhibits Notch signaling in P6.p and activates it in P5.p and P7.p to induce the
secondary vulval fates. Thus high RTK/ low Notch specifies the primary fate in P6.p while lower
RTK / high Notch specifies the secondary fate in P5.p and p7.p. B) Drosophila photoreceptor
specification. R8 expresses Spitz to activate EGFR RTK signaling in R1, R7 and R6. In contrast
to the vulva where the cell with highest RTK activity turns on DSL ligand expression, in the eye
the two cells with lower RTK activation, R1 and R6, express the DSL ligand to activate Notch
signaling in the R7 cell where RTK activation is highest. The combinatorial action of high RTK
and high Notch signaling specifies R7 while more modest levels of RTK and Notch pathway
activity specifies R1 and R6.

Within single cells, when both MAPK and Notch signals are received, the two pathways can
either antagonize or cooperate through the downstream transcription factors and other cofactors.
In Drosophila, the transcription factor Suppressor of Hairless (Su(H)) acts as key mediator of
Notch signaling (Schweisguth and Posakony, 1992). In some cases, Notch-activated Su(H) and
MAPK-activated Pnt cooperate directly on gene enhancers to active expression. For example, the
expression of D-Pax2, which is required for the specification of cone cells in the Drosophila eye,
is regulated by the combined action of Su(H), Pnt and another transcription factor Lozenge (Lz)

that all bind a D-Pax?2 regulatory enhancer (Flores et al., 2000). Loss of any of these three inputs,
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either via loss-of-function mutations in the signaling factors or mutation of transcription factor
binding sites in the enhancer, leads to loss of D-Pax2 expression. In other cases, the downstream
transcriptional effectors of the Notch and Ras/MAPK pathways regulate important components
of the other pathway to achieve antagonism. For example, in the undifferentiated precursor cells
in Drosophila eye, Notch signaling, through its effector Su(H), promotes expression of the
transcriptional repressor Yan (Rohrbaugh et al., 2002). Because Yan can bind to the same
transcription factor binding site with Pnt, inappropriately high Yan levels allows it to outcompete
Pnt and thereby reduce the response to RTK signaling. In addition to the pathway transcriptional
effectors, other cofactors contribute to the RTK-Notch interrelationship. For example, Groucho
functions as a corepressor for E(spl) proteins, which act downstream of Notch signaling.
Groucho is also directly regulated by MAPK, with phosphorylation attenuating its function as a
corepressor (Hasson et al., 2005). As Groucho is also a corepressor for the effectors of other
signaling pathways, including Wg, Dpp and RTK, MAPK inactivating Groucho may modulate

and coordinate the output of other cascades as well.

1.1.3.2 Cooperative binding with other factors on the regulatory elements of genes determines

the spatiotemporal specificity of Ras/MAPK responses

Integration of signaling inputs often happens at the level of enhancers that contain multiple
transcription factor binding sites to control the context-specific expression of the target gene. In
the case of Ras/s/MAPK signaling, such combinatorial interactions between transcription factors
are required for the regulation of spatiotemporal specificity. Homotypic clusters of transcription
factor binding sites have been broadly studied and found to be essential for cooperative binding

(Hertel et al., 1997; Lifanov et al., 2003; Wagner, 1997). Examples of cooperative binding of
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transcription factors with DNA can be found from bacteriophage to mammalian cells (Johnson et
al., 1979; Nie et al., 2020; Ravasi et al., 2010). Most regulatory regions also contain different
types of binding motifs that promote recruitment of a different transcription factors. Although it
is clear that heterotypic clustering of transcription factor binding sites contributes more than
simply additive effects, how the various interactions produce the correct transcriptional output is
not well understood. Some insight has come from synthetic transcriptional reporter assays that
showed heterotypic clusters of binding sites conferred stronger activation than homotypic
clusters (Fiore and Cohen, 2016; Reiter et al., 2017). These studies indicate that the different
factors each contribute distinct regulatory cues and that their collaborative actions are required
for robust transcription. In Drosophila, such collaboration enables the generic Ras/MAPK

response to specify distinctive cell fates throughout development.

Tissue-restricted and pre-patterned factors are main contributors to the cell-type specificity of the
Ras/MAPK response. A well-studied example is the even-skipped (eve) muscle and heart
enhancer (MHE) that is necessary and sufficient to drive eve expression in the embryonic cardiac
mesoderm. As introduced in section 1.1.2, the intersection of Dpp, Wg and MAPK signaling
specifies Eve+ cardiac precursor cells (Carmena et al., 1998; Halfon et al., 2000),.Reflecting
these signaling inputs, MHE activity is regulated by combinatorial binding of five transcription
factors: the Wg-stimulated transcription factor dTCF, the Dpp-stimulated transcription factors
Mad, Tin, and Twist and the MAPK-stimulated transcription factor Pnt (Halfon et al., 2000). For
all five, mutation of individual transcription factor binding sites led to reduced MHE reporter
expression whereas double mutants showed much stronger loss, indicating synergistic rather than
additive contributions. Paralleling this result, ectopic expression of either Wg or activated Ras on

their own had little or no effect on Eve expression, whereas coexpression led to strong expansion
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of the Eve expression. Similar ectopic expression experiments uncovered analogous synergism

between Twist and activated Ras.

Additional modulation comes from the transcriptional regulation among these five factors. For
example, Wg signaling is required for the expression of Htl (FGF) and its downstream
component Heartbroken (Hbr), and for Rhomboid, a protein involved in processing the EGFR
ligand Spitz (Bang and Kintner, 2000; Halfon et al., 2000). In wg mutants, the expression of
these proteins was missing. Dpp was also shown to be required for the expression of Htl, Hbr
and Rhomboid. These layers of regulation ensure that MAPK activation downstream of FGFR
and EGFR, and hence Eve expression, only occurs in cells at the intersection of the Wg and Dpp
signaling domains. The two layers of regulation not only regulate the specificity of MAPK
activation but also restrict the target gene expression through the collaborative actions between
MAPK and the spatiotemporal specific factors. Subsequent studies described similar patterns of
transcription factor binding on other mesodermal enhancers with additional cell-type specific
factors (Carmena et al., 2002; Halfon et al., 2002), suggesting the mechanistic strategy is broadly

applicable.

1.2 The ETS Transcription factors, Pointed (Pnt) and Yan

The following section focuses on Yan and Pnt, which are the key transcriptional effectors of
MAPK signaling. The section first introduces the ETS factor superfamily, one of the most
evolutionarily conserved families of transcription factors, that Yan and Pnt belong to, and then

focuses on the function and regulation of Yan and Pnt.
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1.2.1 ETS family transcription factors are essential for metazoan development

Transcription factors of the E-Twenty-Six specific (ETS) family, including the MAPK signaling
effector Pnt, are evolutionarily conserved throughout metazoan lineages and work as critical
components of signal transduction pathways to regulate diverse biological processes.
Furthermore, de-regulation of the activities of several ETS factors has been implicated in human
cancers. ETS factors thus serve as an important window to study how transcription factors
integrate the inputs from signaling cascades to stimulate distinct cellular responses. Because of

their importance, ETS factors are well characterized genetically, molecularly, and structurally.

1.2.1.1 The conservation of ETS factors in all metazoan species

Based on homology with the DNA-binding domain of ETS-1, which is the founding member of
the ETS family originally discovered as part of the avian E26 retrovirus genome (Leprince et al.,
1983), many ETS factors have been identified from various organisms. According to PCR and
phylogenetic analysis, ETS members are found in early metazoans, such as sponges, cnidarians,
flatworms and nematodes, suggesting the ETS family originated very early during metazoan
evolution (Laudet et al., 1999). To date, identification of ETS genes from metazoan species has
established the ETS family as one of the largest families of transcription factors, consisting of 28
members in humans, 27 in mice, 10 in C. elegans and 8 in Drosophila (Findlay et al., 2013).
Based on sequence similarities in the ETS domain and the presence of further conserved
domains, the ETS family members can be sub-classified into 10 groups (Sharrocks, 2001). One
such conserved domain is the SAM domain, which was originally identified in the Drosophila
melanogaster protein Pnt and is conserved among several subgroups (Klambt, 1993). Additional

domains also include the OST domain of the GABPA subgroup gene and the B-box domain of
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the TCF subgroup genes (Hollenhorst et al., 2011). The conservation of the protein domains is

reflected in similar molecular functions of the ETS family and subfamily genes.

The ETS domain controls the DNA binding specificity. The ETS domain folds into a three-
dimensional structure of winged helix-turn-helix (WHTH), which is composed of three alpha
helices (H1, H2, and H3) and a four-stranded antiparallel beta sheet (Beta 1-4) (Liang et al.,
1994; Mo et al., 2000). It recognizes a core GGAA/T DNA sequence (ETS binding site) (Graves
and Petersen, 1998). Based on the structure of the Elk-1-DNA complex, the main DNA-protein
contacts are from residues that are located in H3, which becomes the core recognition helix and
forms sequence-specific contacts via two conserved arginine residues to recognize the two
guanine nucleotides in the major groove (Mo et al., 2000). Interestingly, there is no direct DNA-
protein contact outside the GGAA/T core even though individual ETS proteins can select a
specific 11-base-pair sequence centered on the core motif. This suggests that DNA conformation
dependent on the flanking sequences also contributes to binding specificity (Hollenhorst et al.,

2011; Szymczyna and Arrowsmith, 2000).

Outside of the recognition helix, protein conformational changes triggered by either
phosphorylation or interactions with co-regulatory factors modulate DNA-protein binding. A
well characterized example is Ets1 protein, where helices N-terminal and C-terminal to the ETS
domain serve as auto-inhibitory modules to block the DNA binding (Jonsen et al., 1996). Upon
phosphorylation, the alpha helix switches from an unstructured state to folding against the core
ETS domain and thus inhibits DNA binding. To relieve the autoinhibition, transcription factor
AML-1/CBFo2 binding to Ets1 can disrupt the action of the inhibitory module (Kim et al.,

1999). Similarly, interaction with another transcription factor Pax-5 also enhances Ets1 binding
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to DNA (Fitzsimmons et al., 1996). Interactions with co-regulatory factors, the presence of
which depends on cellular context, add additional layers of regulation on ETS factors and

contribute to ETS factors achieving regulatory specificity.

1.2.1.2 ETS factors have major roles in hematopoietic and neuronal development in mammals

The requirements of ETS factors in mammalian development are diverse, but they have been
primarily implicated in hematopoiesis and angiogenesis at the early stages of embryogenesis and
later in nervous system development (Craig and Sumanas, 2016). In accordance with their
involvement in diverse biological functions, the expression of several ETS factors, including
Ets1, appears in a variety of tissues throughout development. Interestingly, most ETS factors are
pervasively co-expressed, and despite minor differences in sequence-preference among the ETS
factors, individual transcription factors exhibit distinctive functions depending on specific
cellular context, such as the modulation from upstream signals and co-regulatory partner factors
(Gille et al., 1992; Hollenhorst et al., 2011; Papoutsopoulou and Janknecht, 2000; Yang et al.,

1998).

ETS factors, including Ets1, Ets2, Flil and Etv2, play critical roles in different stages of
hemopoiesis, vasculogenesis and angiogenesis, and express in high levels in corresponding cells.
At the first stage, Etv2 is expressed in the hemogenic endothelium and collaborates with the
VEGF pathway member FLK1 to initiate the formation of hemangioblasts, the common
precursor cells of blood and endothelial lineages (Lee et al., 2008; Wareing et al., 2012).
Consequently, animals lacking Etv2 showed the most severe vascular defects as compared to
other ETS transcription factors, and completely lack blood progenitors. Interestingly, the

expression of Flil is also initiated in mesenchymal cells, most likely the hemangioblasts (M¢let
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et al., 1996), but it mainly contributes to megakaryopoiesis and the formation of vasculature
from hemogenic endothelial cells that are developed from the hemangioblasts (Hart et al., 2000;

Spyropoulos et al., 2000).

Following another developmental trajectory of hemangioblasts, Ets1 and Ets2 mediate the
differentiation of lymphoid lineages, such as B, T and nature killer cells, and myeloid lineages,
such as macrophages (Maroulakou and Bowe, 2000). Functional redundancy between Ets1 and
Ets2 has been implicated during embryonic angiogenesis. Animals losing either Ets1 or Ets2
appear normal for the formation of blood vessels, but losing both Ets1 and Ets2 results in
significant apoptosis of angiogenic endothelial cells (Wei et al., 2009). More examples of
redundant functionalities between other ETS factors have been revealed (Casie Chetty and
Sumanas, 2020), indicating the importance of understanding the target specificity versus

functional redundancy for ETS family factors.

The same ETS factors are also involved in the development of brain and central nervous system
in mammals. High level expression of Ets1 occurs during embryonic vasculogenesis of the
central nervous system and then is greatly reduced in fully differentiated tissues, suggesting its
role for cell fate specification (Kola et al., 1993). Ets2 is expressed in the central nervous system
during late embryogenesis. Specifically, it localizes in the cerebellum, hippocampus and cerebral
cortex, indicating functions in multiple types of neuronal cells (Kola et al., 1993). There are
additional ETS factors, such as Er81, PEA3, Erg and TEL1, that express and function in
neurogenic processes (Lin et al., 1998; Vlaeminck-Guillem et al., 2000; Wang et al., 1997).

Overall ETS factors are critical for embryogenesis and tissue formation in mammalian biology.
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1.2.1.3 ETS factors in Drosophila

Eight ETS factors, all of which have corresponding human orthologs, have been identified in
Drosophila. Specifically, the eight factors are Ecdysone-induced protein 74EF (Eip74EF),
ETS21C, ETS65A, ETS96B, ETS97D, ETS98B, Pointed (Pnt), and Yan (also referred to as
Anterior open, Aop), with Pnt and Yan being the best of characterized (Hsu and Schulz, 2000).
Based on DNA binding specificities, Drosophila ETS proteins can be divided into four classes:
Class I includes Pnt (human ortholog Ets1, Ets2), ETS21C (human ortholog Erg), ETS65A
(human ortholog Flil), ETS96B (human ortholog ETV5), and ETS97D (human ortholog GABP
a); Class Ila includes Eip74EF (human ortholog ELF2); Class IIb includes Yan (human ortholog
TEL); Class IV includes ETS98B (human ortholog PDEF) (Wei et al., 2010). To consider the
conservation between the Drosophila protein and human ortholog, alignment of amino acids
encompassing the ETS domain indicate that Pnt significantly resembles Ets1 with 96% identity
and 98% similarity (Hsu and Schulz, 2000). Other ETS factors also show striking homology.
Even the least similar pair, Yan and TEL still share 50% identity and 74% similarity in their ETS
domains. Further comparisons on the domain structure, also taking into account the presence and
position of the SAM domain, suggest that PntP2 (a Pnt protein isoform)/ETS1, Yan/TEL, D-
Elg/GABPa and D-Ets-6/ERG pairs are most similar (Hsu and Schulz, 2000). The sequence and

structure resemblance imply potential functional similarities.

Just as the ETS factors function throughout mammalian development, Drosophila ETS proteins
have essential roles in diverse developmental processes. Pnt and Yan have roles in
embryogenesis, as well as eye and wing patterning. The functions of Pnt and Yan will be

discussed in more detail in the following sessions. The functions of other Drosophila ETS
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protein are not as well characterized, but some contexts have been established. For example,
ecdysone induces the expression of two protein isoforms of Eip74EF to carry out distinctive
functions, despite the presence of an identical ETS DNA domain in the isoforms (Fletcher et al.,
1997). Briefly, E74A is required for the metamorphosis of both larval and adult tissues and E74B
contributes to puparium formation. Other studies have revealed the role of Ets21C in Drosophila
innate immunity (Chambers et al., 2012) and Ets97D in oogenesis and egg chamber development
(Gajewski and Schulz, 1995). To understand fully how the diverse functions of the ETS factors

are achieved and regulated will require the focus of many Drosophila developmental biologists.

1.2.2 Pnt and Yan are critical downstream effectors of RAS-MAPK signaling cascade

As targets and effectors of RassMAPK signaling pathways, ETS factors function as critical
nuclear integrators of the ubiquitous signaling cascade. For example, the ETS factor Pnt serves
as an integration point for signals initiated from both EGFR and FGFR (Htl/ Hbr) stimuli for the
specification of muscle heart cells (Dutta et al., 2005; Halfon et al., 2000). Similar signaling
integration also occurs in mammalian cells via TCF subfamily factors responding to both ERK,
JNK and p38 MAPK stimuli (Sharrocks et al., 1997). The integration relies on the fact that,
despite different initiating stimuli, the signaling pathways regulate the ETS factors via MAPK
stimulated phosphorylation of a single site. In many cases, MAPK initiated phosphorylation of
the ETS factor greatly enhances DNA binding and transcriptional activities (Sharrocks, 2001). In
some other cases, phosphorylation of the ETS protein, such as Yan in Drosophila and its
mammalian homolog Tel, results in its degradation and thus causes a loss of its repressive

activities (Arai et al., 2002; Rebay and Rubin, 1995).
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The ETS activator Pnt and the repressor Yan are key downstream effectors of Ras/MAPK
signaling in Drosophila. Both Pnt and Yan are direct targets of MAPK phosphorylation. Genetic
interaction with components of the Ras/MAPK cascade, including EGFR and Sevenless,
confirmed Yan being downstream of the Ras signaling and serving as a repressor for
photoreceptor specification in the Drosophila retina (Lai and Rubin, 1992). Acting in opposition
to Yan, Pnt promotes photoreceptor fate specification. Pnt has two well-characterized isoforms,
PntP1 and PntP2, which share a common C-terminus containing the ETS domain (Klambt,
1993). PntP2 contains a MAPK-responsive SAM domain in the N-terminus, whereas PntP1 is
constitutively active (O'Neill et al., 1994). MAPK mediated phosphorylation stimulates the
transcriptional activity of PntP2, opposite to the effects of phosphorylation on Yan. Yan and Pnt,
thus provide an opportunity to study how Ras/MAPK signaling modulates interactions between

ETS factors to establish cell identities.

1.2.3 The two models of Pnt/Yan control of Drosophila development

1.2.3.1 The canonical bistable switch model

Pnt and Yan form a bistable switch, which is controlled by MAPK signaling, to regulate the
transcription of downstream target genes associated with specific cell fate transitions. As the
result of their homologous ETS DNA binding domain, Pnt and Yan compete for access to
regulatory regions of common target genes, with Pnt activating and Yan repressing transcription
(Tootle et al., 2003; Vivekanand and Rebay, 2006). The competition between Pnt and Yan is
regulated by MAPK signaling. In the absence of the signaling, a high Yan state prevails in which
Yan occupies the regulatory region and represses the gene expression program, maintaining the

uncommitted state (O’Neill et al., 1994; Rebay and Rubin, 1995). Upon MAPK activation,
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phosphorylated Yan is exported out of the nucleus and degraded whereas phosphorylated PntP2
converts into a potent activator and gains the access to the gene enhancers (Brunner et al., 1994;
Gabay et al., 1996; O’Neill et al., 1994). This switch to a high Pnt state initiates the gene

expression programs that drive the particular transition.

Further complexities of the bistable model have been revealed by the identification of Mae as a
partner protein for both PntP2 and Yan. As mentioned above, some ETS factors, including Pnt
and Yan, contain another conserved domain, the SAM domain. Mae, with a SAM domain,
directly binds to the N-terminal SAM domains of both Yan and PntP2 (Baker et al., 2001; Qiao
et al., 2006). Mae binding to Yan attenuates the repressive function of Yan by facilitating
MAPK-mediated phosphorylation of Yan and promoting its depolymerization; together this
increases the nuclear export and degradation of Yan (Baker et al., 2001). With respect to Pnt, the
binding of Mae blocks the MAPK docking site on the SAM domain of PntP2, and thus
negatively regulate the transcriptional activity of PntP2 (Qiao et al., 2006). Adding a further
layer of control to the regulation, mae transcription is directly repressed by Yan and activated by
Pnt (Vivekanand et al., 2004). Therefore, as Fig 1.4 illustrates, Mae forms feedback loops with
Yan and Pnt to fine-tune the MAPK response. Specifically, the negative regulation from MAPK
signal on Yan is further amplified by the upregulation of Mae when its repression from Yan is
reduced. Thus even low levels of MAPK signal can relieve Yan-mediated repression on target
genes. Meanwhile, MAPK-stimulated activation of Pnt transcriptional target genes, including
mae itself, is limited by Mae. In this way the system achieves a Yan and Pnt mediated MAPK
responsive switch which turns on as long as the MAPK signal is above the lowest threshold but

which also sets the highest limit of the activity.
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Fig 1.4 The feedback loop among Mae, Yan and Pnt

MAPK phosphorylates Yan to facilitate its export out of the nucleus, thereby relieving
transcription repression of target genes, whereas MAPK phosphorylates and activates Pnt. The
transcription of mae is repressed and activated by Yan and Pnt respectively. Once expressed,
Mae interacts with Yan and Pnt through SAM-SAM interaction. Mae negatively regulates Yan
mediated repression in two ways: facilitating the phosphorylation of Yan and disrupting Yan
self-association. Mae-Pnt binding blocks phosphorylation of Pnt and thus prevents its activation.
This feedback contributes to the bistability of the Yan-Pnt response to MAPK signaling.

1.2.3.2 Pnt recruits Yan and other corepressors to establish the initial repressed state

Recently Pnt has been implicated in facilitating collaborative actions of transcriptional
repressors, including Yan, to confer the robustness of cell fate transitions. While the activating
function of Pnt has been well-studied, Pnt was also shown to negatively regulate transcription of
genes, such as Aid in the embryo and yan in the eye discs (Kurada and White, 1998; Rohrbaugh
et al., 2002). These studies raised the possibility of a role for Pnt as a transcriptional repressor,
but did not investigate the regulatory mechanism. Only recently, a mechanism of the repressive
regulation was revealed. Predicted from the canonical bistable model, Yan and Pnt binding at
enhancers should be mutually exclusive, with high Yan occupancy when MAPK signaling is low
and high Pnt binding when MAPK activation is high. However, motivated by the coexpression of

Yan and Pnt in many tissues throughout Drosophila development (Boisclair Lachance et al.,
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2014), the sequential ChIP-qPCR experiments showed co-occupancy of Yan and Pnt at a number
of target gene loci (Webber et al., 2018). Furthermore, in pnt null mutant embryos, Yan DNA
occupancy was reduced across the genome indicating Pnt is required for recruitment and/or
stability of Yan DNA occupancy. In contrast, Pnt occupancy was broadly conserved in the
absence of Yan. This unexpected co-occupancy, together with the extensive coexpression of Yan
and Pnt in fly tissues (Boisclair Lachance et al., 2014), suggested the potential for collaborative
functions between the two at the level of specific enhancers. Specifically, Pnt might be required

for the assembly, and perhaps even the function, of Yan repressive complexes.

Regarding the molecular mechanism, the corepressor Groucho stood out as a likely player based
on the result that in pnf null mutants Groucho occupancy was reduced in the exact same regions
where Yan occupancy was reduced (Webber et al., 2018). Furthermore, of the genes associated
with Yan and Groucho occupancy loss in the pnf mutant, more than 72 (including the validated
Groucho target E(spl)mbeta-HLH) showed up-regulated mRNA expression in pnt mutants.
Therefore, despite being well-characterized as an activator, Pnt can recruit and organize the
binding of two repressors to negatively regulate gene expression. Motivated by the known
relationship between Groucho and RNA polymerase Il pausing (Kaul et al., 2014), through
which transcription is paused until the appropriate signaling cues are received, further research
revealed the genetic interaction between Pnt and the pausing machinery (Webber et al., 2018).
These results together support the model that Pnt promotes the recruitment and stabilization of
Yan and Groucho complexes, and coordinates interactions with the RNA polymerase Il pausing
machinery to maintain a transcriptionally repressed state in progenitor cells until the appropriate

signaling cues stimulate cell fate transitions.
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1.2.4 Pnt and Yan function in embryogenesis and eye development

Just like their mammalian counterparts, Pnt and Yan function to establish cell identities during
embryogenesis and during the patterning of multiple imaginal tissues in Drosophila. As
mentioned above, two Pnt isoforms have been studied. PntP1 is constitutively activate while
PntP2 requires MAPK phosphorylation to be activated (O’Neill et al., 1994). Depending on the
developmental context, either both PntP1 and PntP2 can be involved or only one isoform can
take the lead. The following are two examples to demonstrate how the two isoforms work in

distinct tissues to control cell fate decisions.

During embryogenesis, PntP1 and PntP2 are expressed in a distinct set of tissues and function
differentially within these contexts. PntP1 is expressed and mediates EGFR/Ras/MAPK
signaling in the embryonic ventral ectoderm whereas PntP2 is expressed in the mesoderm where
it responds to both FGFR and EGFR signaling (Gabay et al., 1996; Klambt, 1993; Vivekanand,
2018). In the ventral ectoderm, the antagonistic functions of PntP1 and Yan establish an EGFR
activation gradient to direct distinct cell fates (Hsu and Schulz, 2000). Specifically, high levels of
EGFR activation initiated by the secreted ligand Spitz induces the expression of PntP1 in the
ventral-most cells and phosphorylates and inactivates Yan (Gabay et al., 1996). PntP1 then
activates the transcription of a set of secondary genes, including an antagonist of EGFR, Argos
(Golembo et al., 1996). The expression and secretion of Argos lowers the level of EGFR
activation in more lateral cells, allowing Yan to remain active and compete with PntP1to limit
transcriptional activation of the target genes. In this way, a gradient of EGFR activation is
formed from ventral to lateral. Of the two isoforms, only pntP1 was the detected in this ventral

ectoderm domain (Gabay et al., 1996; Klambt, 1993). Furthermore, ectopic expression of Spitz
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induced a significant increase in pntP1 transcripts, but did in pntP2 transcripts, and the ectopic
expression of PntP1 but not PntP2 was able to induce the expression of the ventral-most cell
markers, indicating the sufficiency of PntP1 to mediate the ventral ectodermal gradient activation
(Gabay et al., 1996). In contrast in the mesoderm, pntP2 transcripts predominate and its
overexpression induced extra cell fates that originated from the mesoderm (Halfon et al., 2000;
Klambt, 1993). How different developmental contexts select which Pnt isoform will be
expressed and how this choice informs the regulatory networks is still unclear, and is a topic

worthy of future research.

In the retina, the sequential activation of the two Pnt isoforms initiates and sustains the MAPK
response. As in other contexts, the antagonistic functions of Yan and Pnt control the retinal cell
fate transitions. However, unlike the examples discussed in the embryo where only one Pnt
isoform is involved, PntP1 and PntP2 work together in the retina. Mutants of either isoform
including the pntP1 specific null and pntP2 specific hypomorph all show eye defects (Brunner et
al., 1994; O’Neill et al., 1994; Scholz et al., 1993; Yang and Baker, 2001). More recently, pntP1
transcription was found to be reduced in the pn#”? mutant, indicating that PntP2 is required for
pntPI transcription (Shwartz et al., 2013). This result, together with the findings that MAPK
phosphorylation activates PntP2 and that pntP1 transcription is dependent on MAPK activation
(Brunner et al., 1994; Gabay et al., 1996; O’Neill et al., 1994; Shwartz et al., 2013; Tootle et al.,
2003), suggested a sequential activation model in which PntP2 is activated by MAPK
phosphorylation and then stimulates the transcription of pntPI (Shwartz et al., 2013). This
sequential activation offers a key advantage over implementation of the individual isoform
models, namely that sequential activation may be able to not only initiate the MAPK response

fast but also sustain it (Shwartz et al., 2013). A simulation based on the transient kinetics of
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MAPK activation and the stability of PntP1 protein showed that the phosphorylation of PntP2
initiates the response rapidly and then the induction of PntP1 expression will sustain the MAPK

response for hours (Shwartz et al., 2013).

1.3 Drosophila eye development

Considering its highly ordered structure and the critical role of MAPK/Pnt activation during its
development, the Drosophila retina is one of the best systems to explore MAPK/Pnt
contributions to distinct cell fate specification. This section discusses the structure of the eye and

how regulation from MAPK integrates with other signaling cues to specify distinct cell fates.

1.3.1 The structure and development of the compound eye

The Drosophila compound eye is highly organized and constitutes an excellent developmental
system in which to study the molecular and cellular mechanisms that direct diverse cell fate
transitions. The retina contains approximately 750 identical units, individually known as an
ommatidium (Ready and Hanson, 1976; Tomlinson and Ready, 1987). Each ommatidium is
composed of eight photoreceptor cells, from R1 to R8, that are surrounded by supporting cells,
including four cone cells, and an array of pigment and bristle cells. Within an ommatidium, the
cells have fixed organization with respect to each other due to the stereotyped order in which
their fates are specified. The program of sequential cell fate specification that occurs in an
individual ommatidial unit is repeated approximately 750 times in one retina tissue with almost
perfect precision. This dissertation focuses on the specification of photoreceptor and cone cells in

third instar larvae stage.
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The highly ordered adult eye originates from an unpatterned epithelial monolayer referred to as
the larval eye-antennal imaginal disc. The eye disc is specified in the embryonic and early larval
stages by the actions of a network of transcription factors known as retinal determination genes.
During embryogenesis, the expression of Eyeless and its paralog Twin of Eyeless determines the
progenitor cells that will develop into the eye disc (Czerny et al., 1999; Davis and Rebay, 2017;
Younossi-Hartenstein et al., 1993). Following the rounds of cell proliferation that expands the
disc during the first two instar larval stages, the genes eyes absent, sine oculis, and dachshund
induce the establishment of the presumptive eye field (Halder et al., 1998; Kenyon et al., 2003;
Kumar and Moses, 2001). Then during the 3™ instar, a burst of Dpp and Hedgehog (Hg)
signaling at the posterior edge of the eye field triggers cell cycle arrest and photoreceptor
specification in a wave known as the morphogenetic furrow, to initiate the assembly of

ommatidia (Wolff and Ready, 1991; Wolff and Ready, 1993).

1.3.2 The progression of the morphogenetic furrow (MF) initiates cell fate specification in the

eye imaginal disc

The initiation and progression of the MF, which sweeps progressively across the eye disc from
posterior to anterior, is driven by a network of signaling pathways. The initiator is the secreted
Hedgehog (Hh) signal protein expressed in cells at the posterior margin of the eye disc prior to
MF initiation (Heberlein and Mosest, 1995). Cells receiving the Hh signal anterior to the MF
turn on the expression of a transcription factor Atonal (Ato), which leads to the establishment of
the R8 photoreceptor as the founder cell of each ommatidium. R8 cells then secrete Spitz, which
activates the EGFR/ Ras/ MAPK signaling cascade to turn on Pnt expression in the neighboring

cells (Freeman, 1994; Tio et al., 1994). Pnt stimulates photoreceptor fate specification (O'Neill et
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al., 1994) and simultaneously activates Hh expression (Rogers et al., 2005). Therefore, Hh and

EGEFR signaling via Pnt form a positive feedback loop to drive the progression of the MF.

The pace of MF progression is controlled by Decapentaplegic (Dpp) and Notch signaling
pathways. Hh activates the expression of Dpp within the MF (Heberlein et al., 1993). Dpp limits
the pace of MF progression through several repressors anterior to the MF. Firstly, Dpp acts at a
long range signal to repress the expression of Homothorax, a transcription factor that prevents
retinal cell specification in the anterior of the eye disc (Bessa et al., 2002). Such derepression
allows cell to enter a preproneural state in which the cells are able to respond to Hh. Meanwhile,
within a short range anterior to the MF, Dpp activates the expression of Hairy, which represses
the expression of Ato and prevents premature differentiation of retinal cells (Greenwood and
Struhl, 1999). To relieve the repression of Ato, Hh and Dpp together stimulate a ligand Delta to
activate the Notch signaling pathway, which negatively regulates Hairy expression (Baonza and
Freeman, 2001; Baonza and Freeman, 2005). Hh together with Dpp and Notch signaling
therefore achieves precise spatial control of the anterior side of the MF and thus determines the

onset of ommatidial cell fate specification.

1.3.3 The second mitotic wave (SMW) splits the two rounds of photoreceptor specification

Specification of the eight photoreceptors occurs in two rounds that are separated by a
synchronized wave of cell proliferation referred to as the second mitotic wave (SMW) . Derived
from a small number of embryonic retinal precursor cells, the Drosophila retina experiences two
waves of cell proliferation, termed the first and second mitotic waves (Kumar, 2011). The first
wave describes the continuous asynchronous cell proliferation starting from the first instar larval

to the third instar larval stages that drives tissue growth. In early third instar eye disc, as the MF
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initiates, cells arrest in G1, marking the cessation of the first mitotic wave (Ready and Hanson,
1976). As the MF passes, five-cell preclusters that will differentiate into R8, R2 and RS pair, R3
and R4 pair emerge. This defines the first round of photoreceptor specification. After that, the
undifferentiated precursor cells reenter the cell cycle and undergo a single synchronous round of
division, the SMW. Upon resumption of G1 arrest the second round of specification initiates,
starting with the R1, R6 and R7 photoreceptors and continuing with the cone, pigment and bristle
cells. Despite their distinct biological functions in the retina, the precursors of the R1, R6, R7
photoreceptors and the four cone cells form a seven-cell equivalence group such that modulation
of signals directing their cell fate specification can transform any one of them into any other
(Tomlinson et al., 2011). Although disruption of the SMW does not cause photoreceptor
specification defects (de Nooij and Hariharan, 1995), the transition may facilitate the resetting of

signaling cues and profiles of gene expression, to confer spatiotemporal specific regulation.

1.3.4 MAPK signaling, via Pnt and Yan, directs both rounds of photoreceptor specification

The R8 photoreceptor serves as the organizer cell of each ommatidium and initiates the
sequential recruitment of the other seven photoreceptors and the four cone cells. All the cell fates
except R8 are induced by Spi-stimulated EGFR activation. Thus eye mosaic clones lacking Spitz
or EGFR only contain the R8 cells (Freeman, 1994; Freeman, 1996; Tio et al., 1994), and the
hyperactivation of EGFR signaling over-recruits all cell types except R8 (Freeman, 1996).
Despite their dependence on a generic inductive signal, the precise temporal sequence of fate
specification is achieved through the short-range action of Spitz, which is limited to 1-2 cell
diameters. Although the inactive precursor of Spitz is expressed in all cells, its secretion requires

processing by the chaperone protein Star and the protease Rhomboid (Freeman et al., 1992;
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Wasserman et al., 2000), the expression of which is regulated by Ato in R8 cells. Then secreted
and activated Spitz from R8 induces the specification of R2 and RS5 in cells immediately
neighboring to R8 cells. Specified R2 and RS are able to express Star and Rhomboid and thus
process Spitz to induce the specification of R3 and R4 photoreceptors, which will recruit the

subsequent photoreceptors in the same way (Shilo, 2005b).

In additional to the EGFR RTK, Sevenless (Sev), another RTK that is activated by its ligand
Bride of Sevenless (Boss) rather than Spitz, also contributes to photoreceptor recruitment. The
expression of Sev is dynamic, such that it strongly expresses in R3, R4 and the precluster of R1,
R6 and R7 and cone progenitor cells but then its expression is reduced to background level once
R1 and R6 are specified and only remains high in R7 and cone cells (Tomlinson et al., 1987). R8
expresses the ligand Boss (Reinke and Zipursky, 1988). Restricted by the spatial arrangements of
the photoreceptors, only R1, R6 and R7 progenitors are in contact with R8 and thus have the
potential to activate Sev. However, Sev activation is required for R7 but not R1, R6 specification
(Hafen et al., 1993; Reinke and Zipursky, 1988; Tomlinson and Ready, 1986). Mutants of Boss
or Sev showed loss of R7 cells. Despite different ligands, Sev and EGFR share the downstream
signal transduction machinery and are thus interchangeable. For example, constitutively active

EGFR can substitute Sev to recruit R7 in the sev mutant (Freeman, 1996).

Yan, PntP1 and PntP2, in concert with other transcription factors, mediate MAPK activation to
direct specific photoreceptor fates except R8. Yan has a predominant role in inhibiting over-
recruitment of photoreceptor cells (Lai and Rubin, 1992). With respect to Pnt, the sequential

activation of PntP1 and PntP2 stimulated by MAPK phosphorylation, as mentioned above, is
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required for R1-R7 cell fate specification (Shwartz et al., 2013). Losing Spitz ligand, PntP1 or

PntP2 all results in loss of R1-R7 photoreceptors.

How does this generic Pnt-mediated response to MAPK activation lead to different
photoreceptor types? Great work has been done to demonstrate the cooperation between Pnt and
other factors to regulate the expression of different target genes (Halfon et al., 2000; Hayashi et
al., 2008; Tomlinson et al., 2011). The second-round photoreceptor specification serves a good
example to illustrate the cooperative action. The precursors within the equivalence group of R1,
R6, R7 and cone cells all express Lz and several eye selector geness, including So/Eya and GlI.
However, on top of EGFR and these factors, only R7 cells contain both high levels of Notch and
Sev (Basler and Hafen, 1988; Diaz-Benjumea and Hafen, 1994). Losing either Notch or Sev
leads to fate switch transitions in which R7 precursor adopt ectopic R1/R6 or cone cell fates,
respectively (Tomlinson et al., 2011). This collaborative action of EGFR, Sev, Notch plus the
transcription effectors Lz, So/Eya and Gl takes effect at the enhancer of the prospero gene,

whose expression marks the R7 and cone cell fate (Hayashi et al., 2008).

Adding to the complexity of such collaborative regulation, the organization of transcription
factor binding sites within an enhancer also plays critical roles in transcriptional regulation. For
example, reducing the spacing between two transcription factor binding sites may alter the
transcriptional activity of the enhancer (Erceg et al., 2014). The pattern of the number,
organization, spacing, affinity and orientation of transcription factor binding sites in an enhancer

is termed the cis-regulatory logic. This will be discussed in more detail in Chapter 3.

While the importance of Pnt for photoreceptor specification has been clearly established, Pnt

responses to regulate different transcriptional programs in accordance with distinctive
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developmental contexts have not been fully investigated. In particular, the upstream signaling
cues can be distinct, such as EGFR plus Sev regulating the second round photoreceptor fates
while EGFR being the sole RTK source for the first round photoreceptor fates. Does RTK
signaling regulate the Pnt response in an ‘all-or-none’ fashion, such that phosphorylation simply
turns on the Pnt response? Or does Pnt respond to the distinct signaling environment in a cell
type-specific manner. Interestingly, the hypomorphic allele of pntP2 showed defects only for the
second round photoreceptor fates R1, R6 and R7 despite the generic model of sequential
activation from PntP2 to PntP1 that has been proposed for R1-R7 fates (Brunner et al., 1994;
Shwartz et al., 2013). The sensitivity of the pntP2 hypomorph may be an indication of

differential Pnt response between the two rounds, an idea explored further in Chapter 2.

1.4 Scope of the thesis

This dissertation focuses on the regulatory interactions between Pnt isoforms that contribute to
the specificity and robustness of RTK-directed cell fates, and on how interactions between Pnt
and Yan at specific enhancers control gene transcription. The methods include both experiments
on the bench and in silico calculations. Chapter 2 describes how PntP3, a Pnt isoform that had
not been characterized before, enables the Pnt network to adopt distinct topological organization
optimized for the unique signaling environments associated with each of the two rounds of
photoreceptor specification. Chapter 3 describes the development of a thermodynamic model that
I used to explore how the number, spacing and affinity of transcription factor binding sites within
a gene enhancer organizes inputs from Yan and Pnt to achieve specific gene expression. Chapter
4 discusses the implications of my discoveries and offers suggestions for future investigation of

diverse RTK/MAPK/Pnt/Y an-controlled cell fate transitions.
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2.1 Abstract

Spatiotemporally precise and robust cell fate transitions, which depend on specific signaling
cues, are fundamental to the development of appropriately patterned tissues. The fidelity and
precision with which photoreceptor fates are recruited in the Drosophila eye exemplifies these
principles. The fly eye consists of a highly ordered array of ~750 ommatidia, each of which
contains eight distinct photoreceptors, R1-R8, specified sequentially in a precise spatial pattern.
Recruitment of R1-R7 fates requires reiterative receptor tyrosine kinase / mitogen activated
protein kinase (MAPK) signaling mediated by the transcriptional effector Pointed (Pnt).
However the overall signaling levels experienced by R2-R5 cells are distinct from those
experienced by R1, R6 and R7. A relay mechanism between two Pnt isoforms initiated by
MAPK activation directs the universal transcriptional response. Here we ask how the generic Pnt

response is tailored to these two rounds of photoreceptor fate transitions. We find that during R2-
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RS specification PntP2 is coexpressed with a closely related but previously uncharacterized
isoform, PntP3. Using CRISPR/Cas9-generated isoform specific null alleles we show that under
otherwise wild type conditions, R2-R5 fate specification is robust to loss of either PntP2 or
PntP3, and that the two activate pntPI redundantly; however under conditions of reduced MAPK
activity, both are required. Mechanistically, our data suggest that intrinsic activity differences
between PntP2 and PntP3, combined with positive and unexpected negative transcriptional auto-
and cross-regulation, buffer first-round fates against conditions of compromised RTK signaling.
In contrast, in a mechanism that may be adaptive to the stronger signaling environment used to
specify R1, R6 and R7 fates, the Pnt network resets to a simpler topology in which PntP2
uniquely activates pntP[ and auto-activates its own transcription. We propose that differences in
expression patterns, transcriptional activities and regulatory interactions between Pnt isoforms

together facilitate context-appropriate cell fate specification in different signaling environments.

2.2 Author Summary

Properly patterned tissues require cells transit from a multipotent state to diverse differentiated
states in a precise spatiotemporal manner. Meanwhile the programs that direct cell fate adoption
must be reliable despite genetic and nongenetic variation. In this study we use the Drosophila
photoreceptors as a model system for understanding how specific and robust cell fate transitions
are achieved. The specification of seven distinct photoreceptors R1-R7 requires repetitive
inductive signaling from the receptor tyrosine kinase (RTK)/ mitogen-activated protein kinase
(MAPK). The transcription factor Pointed (Pnt) operates downstream of MAPK to initiate the
changes in gene expression appropriate to the particular transition. We asked how the generic

MAPK/Pnt signal contributes to different photoreceptor fates. Previous work showed that R1-R7
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photoreceptor specification can be subdivided into two rounds that experience different RTK
signaling strengths. We find distinct Pnt regulatory networks operate in the two rounds, with the
first round network incorporating a novel unstudied Pnt isoform, PntP3. Its inclusion stabilizes
developmental transitions when signaling is reduced. We compare and contrast the expression
patterns and transactivation potentials of the Pnt isoforms and uncover a web of transcriptional
cross-regulation between them. Based on these explorations, we propose that the use of distinct
Pnt network topologies provides an adaptive mechanism that permits reliable cell fate transitions

under different MAPK signaling environments.

2.3 Introduction

Accurate and reliable transitions from a multipotent state to diverse differentiated states are
critical to normal development. A small number of transcription factors acting downstream of an
even smaller handful of signal transduction pathways coordinate the gene expression changes
that drive cell fate acquisition (Flores et al., 2000; Halfon et al., 2000; Voas and Rebay, 2004).
How these core transcriptional effectors confer both specificity, whereby cells adopt the correct
fate in a precise spatiotemporal manner (Cagan, 2009; Guillemot, 2007; Wolpert, 1969), and
robustness, whereby cells reliably execute the appropriate program despite genetic and
nongenetic variations (Félix and Barkoulas, 2012; Liu et al., 2019), to the transitions they
oversee remains poorly understood. In this paper we use photoreceptor specification in the

developing retina of Drosophila as a model to explore these regulatory mechanisms.

The Drosophila retina is precisely patterned and highly organized. Each of the ~750 ommatidia

that comprise the retina contains a core cluster of eight photoreceptors, R1-R8. These neurons
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are specified in a stereotyped spatiotemporal sequence that is initiated repeatedly as the
morphogenetic furrow (MF) travels anteriorly across the epithelial field (Wolff and Ready,
1991). Photoreceptor specification occurs in two distinct rounds that are spatially and temporally
separated by a single synchronized cell division known as the second mitotic wave (SMW)
(Ready and Hanson, 1976; Tomlinson and Ready, 1987). During the first round, R8 emerges
from the morphogenetic furrow (MF)’s wake, followed by the R2/R5 and R3/R4 pairs.
Ommatidial assembly then pauses for the SMW, after which the second round of specification
recruits photoreceptors R1/R6 and finally R7 to the cluster. Recruitment of non-neuronal support

cells to the ommatidia follows immediately, starting with the four lens-secreting cone cells.

Specification of all photoreceptors except R8 requires inductive signaling by the receptor
tyrosine kinase (RTK) / Ras / mitogen-activated protein kinases (MAPK) pathway via the
transcriptional effector Pointed (Pnt), the Drosophila homologue of the mammalian ETS family
activators ETS1 and ETS2 (Freeman, 1996; Scholz et al., 1993). Multipotent retinal progenitors
must therefore translate this generic RTK/Pnt signal into specific photoreceptor fates. Numerous
studies have focused on combinatorial regulation to integrate the inputs from RTK/Pnt with
specific inputs from regionally expressed transcription factors and other signaling pathway
effectors. For example, RTK/Pnt, the Spalt transcription factors and Notch signaling collectively
specify R4 fates in the first round (Domingos et al., 2004; Weber et al., 2008) whereas in the
second round, RTK/Pnt and Notch signaling integrate with a different transcription factor,

Lozenge, to regulate prospero transcription and R7 fates (Hayashi et al., 2008; Xu et al., 2000).
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Increasing the complexity of these combinatorial codes, RTK signaling inputs are not identical
during the two rounds of specification. Fate specification in the first round relies exclusively on
signaling initiated by the epidermal growth factor receptor (EGFR), while specification of R1,
R6 and R7 second round fates involves a second RTK, Sevenless (Sev) in addition to EGFR
(Basler and Hafen, 1988; Reinke and Zipursky, 1988). Although only R7 fates are lost in a sev
mutant, the R1 and R6 precursors express Sev, physically contact the Boss ligand-expressing R8
cell, and so are likely to have active Sev signaling (Tomlinson et al., 2011). Because both EGFR
and Sev use the same Ras/MAPK/Pnt signaling cascade, it has been proposed that cells specified
in the second round experience stronger MAPK activation than those in the first round (Freeman,
1996; Tomlinson et al., 2019). How the Pnt response is tailored to these two different signaling

environments has not been explored.

Two Pnt isoforms, PntP1 and PntP2, were identified when the gene was first cloned and have
been the focus of subsequent study. The two proteins share the C-terminal ETS DNA binding
domain and so are thought to have identical target gene specificity (Klambt, 1993; Scholz et al.,
1993). However distinct N-terminal transactivation domains confer both distinct activity and
differential regulation by RTK/MAPK signaling (Brunner et al., 1994; O'Neill et al., 1994;
Shwartz et al., 2013). Whereas MAPK activation promotes the transcription of pntPI (Shwartz et
al., 2013) to produce the constitutively active PntP1 transcription factor, MAPK regulation of
PntP2 occurs post-translationally by direct phosphorylation of a site within its unique N-terminal
half (Brunner et al., 1994a; O'Neill et al., 1994). Unphosphorylated PntP2 binds target DNA but
has very limited transactivation ability; thus phosphorylation by MAPK is required for its full

activity (O'Neill et al., 1994; Qiao et al., 2006; Shwartz et al., 2013; Tootle et al., 2003).
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Furthermore, expression of a PntP2 mutant in which the phosphoacceptor threonine within the
MAPK consensus site was replaced with alanine produces dominant negative effects, consistent
with unphosphorylated PntP2 binding and occluding target gene enhancers from appropriate
activation (Brunner et al., 1994; O'Neill et al., 1994). Thus the final PntP2 transcriptional output
within an individual cell reflects the sum of the low basal, or even the repressive, activity of
unphosphorylated PntP2 plus the stronger activity of phosphorylated PntP2, with the availability
of active MAPK determining the ratio between the two. The mammalian ETS1 and ETS2

proteins structurally and functionally resemble PntP2 (Wasylyk et al., 1997).

A previous sequential activation model posited that transient RTK/MAPK signaling activates
PntP2, which in turn activates pntP1 transcription, and that PntP1 then provides a stable,
signaling-independent, transcriptional input to the combinatorial codes that initiate the
specification of R1-R7 photoreceptor fates (Fig 1C; Shwartz et al. 2013). However the
expression pattern of PntP2 suggests further complexity, with lower levels in the region of R2-
RS specification and then higher levels in more posterior regions where R1, R6, R7 and cone
fates are recruited (Shwartz et al., 2013). These differences parallel the differences in RTK
signaling in the two rounds of photoreceptor specification and motivated us to explore how the

Pnt response is tuned to these two distinct signaling environments.

In this study, we uncover distinct Pnt regulatory networks for the two rounds of specification that
are distinguished by the inclusion/exclusion of another evolutionary conserved but previously
unstudied Pnt isoform, PntP3. As predicted by its protein structure, PntP3 functions as a MAPK-

responsive transcriptional activator, but with intrinsically higher activity than PntP2. In contrast
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to R1, R6 and R7 specification where PntP2 is uniquely expressed and required, we find that
PntP3 and PntP2 are coexpressed and under wild type conditions function redundantly during
specification of first round R2-R5 photoreceptors. However under conditions of compromised
signaling, the individual activities of PntP3 and PntP2 are essential to the robustness of these fate
transitions. Mechanistically, we uncover distinct auto- and cross-regulatory transcriptional
interactions between PntP2 and PntP3 during the two rounds of photoreceptor specification that
likely optimize context-specific output, with the most striking a shift from PntP2 auto-repression
during specification of first round fates to auto-activation during specification of second round
fates. We conclude that a combination of functional redundancy, different transactivation
potential and the reset of transcriptional regulatory interactions between Pnt isoforms adapts the

transcriptional response to different RTK signaling environments.

2.4 Results

2.4.1 PntP3 is a MAPK-responsive transcriptional activator whose expression overlaps that of

PntP2 in R2-R5 photoreceptors

Although the field has focused on the two isoforms identified when the pnt gene was first cloned
(Brunner et al., 1994; Klambt, 1993; O'Neill et al., 1994; Scholz et al., 1993; Shwartz et al.,
2013), the BDGP cDNA project together with subsequent high-throughput mRNA sequencing
has revealed additional transcripts (S2.1A Fig; Celniker et al., 2009; Leader et al., 2018; Rubin et
al., 2000). First, there is a second pntPI isoform (pnt-E in G-Browse) identical to “classic” pntP1
(pnt-C) except for a longer 3°’UTR and an encoded product with an extra two amino acids owing

to the use of an alternate splice donor site at the 3’ end of the first coding exon. Second, there is a
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transcript identified as pnt-D that is closely related to but distinct from pntP2 (pnt-B); we refer to

this novel isoform as pntP3.

pntP3 is distinguished from pntP2 by its unique transcription start site, 5’UTR and N-terminal
coding exons, but then like pntP2, it splices into the exons encoding the sterile alpha motif
(SAM) and adjacent MAPK consensus site, and the ETS domain (Fig 2.1A, B). To our
knowledge there have not been any explicit studies of pntP3. However, just like pntP1 and
pntP2, pntP3 was detected by RNA-Seq profiling in most developmental stages (Leader et al.,
2018), suggesting it might contribute to the transcriptional response downstream of RTK
signaling. Further, both PntP2 and PntP3 are conserved across Drosophila species from D.
melanogaster to D. virilis (S2.1B Fig). Conservation across millions of years suggests strong

evolutionary pressure for keeping both PntP2 and PntP3, implying essential functions.
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Fig 2.1 PntP3 is a stronger MAPK-responsive transcriptional activator than PntP2

A) A schematic, not to scale, of the ~55kb pnt locus. pntP1, pntP2 and pntP3 all splice into
common 3’ exons encoding the ETS DNA binding domain (yellow box). pntP2 and pntP3 share
three internal exons encoding the SAM and PLTP MAPK phosphorylation site (blue boxes).
Unique N-terminal exons encode isoform-specific sequences. Approximate insertion sites of key
P-element-derived alleles are shown: the white+, lacZ enhancer trap insertions pnt/?”” and
pnt™520 respectively report pntP2 and pntP1 expression (Scholz et al., 1993); the excision allele
pnt*’8 disrupts the SAM-encoding exon common to pntP2 and pntP3 (O'Neill et al., 1994).
Green box labeled ATG-GFP signifies the genomic BAC transgene in which PntP3 was N-
terminally GFP tagged. Red boxes labeled ATG-TAA represent the CRISPR-generated null (Fig
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2.1 continued) alleles of pn#”? and pn#’ that have stop codons immediately after the ATG and
exonic deletions; pn#”?P? carries identical stop codon insertions and deletions. B) A schematic of
PntP1, PntP2 and PntP3 proteins highlights their distinct N-termini and common C-termini. The
transactivation domains mapped to the distinct terminal regions of PntP1 and PntP2 (shown in
green, purple, pink; Wasylyk et al., 1997; Watson et al., 1988). PntP2 and PntP3 differ only in
sequence N-terminal to the MAPK site and SAM (141aa for PntP2; 59aa for PntP3). C) A
schematic summarizing the sequential activation model: MAPK phosphorylation activates PntP2,
phosphorylated PntP2 activates pntP1 transcription and PntP1 protein drives cell fate
specification (Shwartz et al., 2013). D) PntP3 has stronger activity but similar MAPK
responsiveness than PntP2 in transcription assays using a reporter with 6 tandem high-affinity
ETS sites (O'Neill et al., 1994). For each sample, activity was normalized to reporter alone
control. Error bars are S.D. of three independent experiments. P-values were calculated using
two tailed pair-wise Student T-tests. (E-G) /z-GAL4-driven overexpression of UAS-pntP2 (F) and
UAS-pntP3 (G) disrupts external eye morphology, pigmentation and size relative to driver alone
control (E). Scale bar: 50 um.

Given the protein-level similarity, we began by asking whether PntP3, like PntP2, functions as a
transcriptional activator positively regulated by MAPK phosphorylation. In transcriptional
reporter assays in transiently transfected S2 cells, PntP3 was about two-fold more active than
PntP2 in the absence of MAPK stimulation; MAPK stimulation induced a further ~two-fold
activity increase for both isoforms (Fig 2.1D). When overexpressed in the developing eye, PntP3
also showed greater activity than PntP2, producing stronger disruptions of adult eye morphology
with all Gal4 drivers tested (Fig 2.1E-G, S2.2 Fig). These phenotypes were associated with
ectopic induction of photoreceptor fates in 3™ instar discs (S2.2 Fig), consistent with previous
studies of Pointed overexpression (Shwartz et al., 2013). As predicted by their relative activities
in S2 cells, ectopic expression of neuronal markers was more striking with pntP3 overexpression
than with pntP2 (S2.2 A-F Fig). The expression level and subcellular localization to the nucleus
were indistinguishable between the two isoforms (S2.2 G-I Fig), indicating differential

transcriptional activity most likely underlies the phenotypic differences.

62



In addition to the activity differences between PntP2 versus PntP3 that we attribute to the unique
sequences at the N-terminal ends of their transactivation domains (Figure 2.1B, S2.1B, C Fig),
the use of separate 5’ regulatory regions suggested that expression pattern differences might also
distinguish their developmental roles. To explore this, we compared their endogenous expression
in late 3 instar eye discs where pnt function is essential for photoreceptor specification and has
been well studied (Brunner et al., 1994a; Scholz et al., 1993; Yang et al., 2003). We relied on the
pntP2-specific enhancer trap allele pnt’?’7 (Scholz et al., 1993; Shwartz et al., 2013) to report
PntP2 expression. To visualize PntP3 expression, we inserted an N-terminal GFP tag in a
genomic BAC that contains the entire pnt locus (GFP-P3, Fig 2.1A) and that we had previously
shown to be fully functional (Lachance et al., 2014). The GFP-PntP3 transgene fully
complemented the lethality of pnt*3%/Df{pnt) animals, a background null for all three isoforms,

producing phenotypically wild type, fertile adults.

63



20 kbp | i
t } } } + t
90k 23300k 23310k 23320k 23330k 23340k
pnt
e ———————
1ncRNA :CR46090
1 q
-RA 1ncRNA :CR46090-RA
1 <«a
pnt-RE
pnt-RB
HH t {k
-RA
pnt-RC
pnt-RO

P2_Dananassae MELAICKTDLSATKFMLPPALPASAAIGTTSAAAATVSSHSHSHSTAAAAQLAFLDKAAH 60
* P2_Dmel MELAICKTDLSATKFMLPPALPSSAAIGSSSAVAST-————=——=—=—=== ASHFLDKAAH 46
P2_Dyakuba MELAICKTDLSATKFMLPPALPTSATIGSTSAVAST-—==—=—=—=—=== ASHFLGKATH 46
P2_Dpseudoobscura MELAICKTDLSATKFMLPPPALPPQATAIATGGPDHSASSVA———=—=—— QF SF-HHNLN 51
*%P2_Dvirilis MEVAICKTDLSATKFMLPPALPAAAAIATTTATA-TTH-SF-— —--LDR-AVHFN 47
P2 _Dmojavensis MELAICKTDLSATKFMLPPALPAAAAIATTTATATATH-SF—————————— LDR-AAQIN 48
P2_Dananassae ELFNLNAINGHLFKPPPSHHTNSSNSA-————=——==——— ANSSSQASTMRLKKNRKVTF 107
% P2_Dmel ELFQLNAINGHLFKSPASSHLNSVGSP-SILSQLNGIGNSGNHSGQVSTMRLKKNRKVTF 105
P2_Dyakuba EFIHLNAINGHLFKSPATNHHNSLGSPQSILSQLNGIGNSSSHSGQVSTMRLKKNRKVTF 106
P2_Dpseudoobscura ELFNGFS-H----NTLCH-------~ NSTFSIHPSVVPSILNSNNTTSNMRLKKNRKVTF 98
*%P2 Dvirilis ELLNFNA-GQHLFKTSCN- ~PSSFLNNS--SSSSNCSSSSSSNMRLKKNRKVTF 96
P2_Dmojavensis ELFNFNP-GQHLFKTNN-—=——==—=———— SFLNNN--NSSS—---NSSSSNMRLKKNRKVTF 91
P2_Dananassae LSSIVESKTIFIKEEPIHGCKDLPPPICSLSDISDHEASIDVPTALPPLTPGTNRKVNEV 167
* P2_Dmel LSSLVESKNIFIKEEPIHGCKD----LCSLSDISDHEASIHEVPTALPPLTPGTNRKVNEV 161
P2_Dyakuba LSSLVESKNIFIKEEPIHGCKD----LCSLSDISDQEASIHEVPTTLPPLTPGTNRKVNEV 162
P2_Dpseudoobscura LSSLVESKNIFIKEEPINGCKDL-——=—=— SDISDHEASIDVPTALPPLTPGTNRKVNEV 151
*%P2 Dvirilis LSSLVESTTKYIKEEPVNGCKDLT--VCSLSDISDHEASIDVPTTLPPLTPGTNRKVNEV 154
P2_Dmojavensis LSSIVESTTKYIKEEPVNGCKDLP--VCSLSDISDHEASIDVPTALPPLTPGTNRKVNEV 149
P3_Dananassae MTNEWIDWNDSRMLPPLRSANYNHHP-———=—————m o — STFLNNNYHSFSSKF 41
* P3_Dmel MTNEWIDWNDSRMLPPLRSANYNYHP-—=—————mmm e QTFLPNNYQCFTGKF 41
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P3_Dmojavensis MTNEWIDWNDCRMLPPLRSANYNSNSNN———=—=—=—— NNNNYNNNHQTILSNSYQSLTSKF 52
P3_Dananassae HLKAQKLQOQLSTNHPHKLKDVPTALPPLTPGTNRKVNEVLKASFASWEKEVONCNITKDP 101
* P3_Dmel HLKGQKLQOLTTNHS-KLKEVPTALPPLTPGTNRKVNEVLKASFASWEKEVQKCNITKDP 100
P3_Dyakuba HLKGQKLQOQLTTNHS-KLKEVPTTLPPLTPGTNRKVNEVLKASFASWEKEVQKCNITKDP 100
P3_Dpseudoobscura HLKAHKLQQLSTNHS-RLKDVPTALPPLTPGTNRKVNEVLKASFASWEKEVQKYNITKDP 119
*%P3_Dvirilis HLKAHKLQQLHTSNG-RLRDVPTTLPPLTPGTNRKVNEVLKASFASWEKEVQONCNITKDP 119
P3_Dmojavensis HLKAHKLQQLHTSNG-KLRDVPTALPPLTPGTNRKVNEVLKASFASWEKEVQONCNITKDP 111

S 2.1 Fig Genomic organization and conservation of pnt

(A) A screen shot of the pnt locus from Flybase G-Browse, oriented 5’ to 3’ from right to left,
summarizing the annotation of the B, C, D and E isoforms. (B, C) PntP2 (B) and PntP3 (C) are
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(S 2.1 Fig continued) conserved from D. melanogaster (*) to D. virilis (**). Alignments show
the unique N-terminal sequences (within the red rectangle) of PntP2 and PntP3. Conserved
sequence begins immediately N-terminal to the PLTP (blue line)/SAM region (unboxed). The
PntP2 N-terminus is 62% identical and 70.7% similar between D. melanogaster and D. virilis,
while the PntP3 N-termini are 57% identical and 63% similar.

1z-GAL4

S 2.2 Fig Overexpressed PntP3 disrupts eye development more strongly than overexpressed
PntP2
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(S 2.2 Fig continued) All images show maximum projections of optical confocal sections of
representative 3™ instar eye imaginal discs, oriented anterior left. Scale bars: 10 um.

(A-C) Overexpression of UAS-pntP2 and UAS-pntP3, driven by /z-Gal4. Elav (red) marks all
photoreceptors and Pros (green) marks R7 photoreceptors and cone cells. (A’-C’)
Overexpression of pntP3 induced more ectopic Pros-positive cells than overexpression of pntP2.
(A”’-C’’) Magnified views of boxed regions in A’-C’ with further zoom in to a single
ommatidium (red box, red arrow). The wild type pattern of four Pros positive cone cells is
labeled in 2A”. (D-I) Overexpression of UAS-pntP2 and UAS-pntP3, driven by ro-Gal4. Elav
(red) marks the photoreceptors and DAPI (blue) marks all nuclei. (D-F) Overexpression of pntP3
induced more ectopic Elav expression than overexpression of pntP2. (D’-F’) Magnified views of
boxed regions in D-F. (G-I) Staining with anti-Flag to detect the epitope tag shows comparable
levels and nuclear localization of PntP2 and PntP3.

Analysis of 3" instar eye discs dissected from animals carrying both GFP-PntP3 and the pntP2-
specific enhancer trap allele revealed both distinct and overlapping patterns of expression (Fig
2.2). Lower magnification projections emphasized the complementary aspects of the two
patterns, with GFP-PntP3 expression strongest in and immediately posterior to the MF and (-
galactosidase (B-gal) reporting strongest pntP2 expression in the posterior half of the eye field
(Fig 2.2B). As the stereotyped differentiation sequence of ommatidial assembly means every cell
can be unambiguously identified by its position and morphology (Ready et al., 1976; Tomlinson
et al., 1987; Wolff et al., 1993; Pelaez et al., 2015), higher magnification views at different
optical planes enabled cell type specific comparison of the two patterns (Fig 2.2C-F).
Coexpression was detected in R2/R5 and R3/R4 photoreceptor pairs, in basal progenitors at the

MF and in cone cells (Fig 2.2C, D and S3A). Complementary expression was detected posterior
to the second mitotic wave (SMW) in photoreceptors R1, R6 and R7 where pntP2 was high and

GFP-PntP3 low, and in apically localized nuclei at the MF, including R8, where GFP-PntP3 was
high and pntP2 low (Fig 2.2E, F). The combined differences and similarities in cell type specific
expression patterns raised the possibility of both distinct and overlapping functional

requirements for PntP2 and PntP3 in the two rounds of photoreceptor specification (Fig 2.2A).
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Fig 2.2 PntP3 and PntP2 show overlapping and complementary expression patterns

A) A schematic summarizing the sequential specification of photoreceptor fates (adapted from
(Pelaez et al. 2015)) and the expression patterns of PntP3 and PntP2. RS cells are specified first
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(Fig 2.2 continued) near the MF (orange arrowhead) and express PntP3. R2/R5 and R3/R4 pairs
are specified next (first round fates) and express both PntP3 and PntP2. After the SMW (red
arrowhead), R1/R6 and R7 are specified (second round fates) and express PntP2. (B-F)
Representative 3rd instar eye imaginal discs, oriented anterior left, comparing the pattern of
pntP2 transcription (red), as reported by pnt/?”7, and PntP3 protein (green), as reported by a GFP-
PntP3 genomic BAC transgene. (B) Maximum projection highlighting the complementary
pattern of highest PntP3 in the MF region and highest pntP2 posterior to the SMW (blue line).
(B’, B”) Single channel images show that pntP2 transcription starts anterior to the SMW in cells
where GFP-PntP3 is expressed. (C-F) Single optical slices of the disc in (B) at different
apical/basal planes. (C, D) Coexpression was detected in R2/RS5 pairs (C, yellow arrows, insets
show zoomed view) and in R3/R4 pairs (D, yellow arrows). (E-F) pntP2 but not PntP3 was
detected in R1/R6 pairs (E, yellow arrows) and in R7 (F, yellow arrows). PntP3 but not pntP2
was detected in basal progenitors at the MF (F, boxed region). Scale bar: 10 pm.
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S 2.3 Fig PntP3 is expressed in multipotent cells, R2-R5 photoreceptors and cone cells
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(S 2.3 Fig continued) (A) Higher magnification and single optical slice showed the overlapping
expression patterns of pnt’?’7 (B-gal, red) and GFP-PntP3 (GFP, green) in cone cells (as indicated
by the yellow arrows). Scale bar: 10 um. (B) Moving averages of GFP-PntP3 levels highlight the
peaks of expression at the MF (orange arrowhead) region in the first five photoreceptors
recruited to each ommatidium, R8, R2, R5, R3 and R4 (green, blue, and orange lines).
Expression in photoreceptors specified after the SMW, R1, R6, and R7, was not above baseline
(red and purple lines. A slow increase in PntP3 levels was measured in the cone cells (blue line).
Data plotted are from two discs from independent experiments and show the results from scoring
404 ommatidia with 404 RS cells. Single cell measurements were made and plotted as described
in Pelaez et al., 2015.

2.4.2 Redundant and non-redundant requirements for PntP2 and PntP3 during two distinct

rounds of photoreceptor specification

Prior studies of pnt function during retinal development concluded that pntPI and pntP2 are
required non-redundantly to specify photoreceptors R1-R7 (O'Neill et al., 1994; Shwartz et al.,
2013). However the pntP2 allele used in the studies, pn*’® (O’Neill et al. 1994), was generated
by imprecise excision of a P-element inserted into the first SAM-encoding exon, and so also
disrupts pntP3 (Fig 2.1A). This means that pn*’® phenotypes, in the eye loss of R1-R7, reflect

the combined loss of pntP2 and pntP3.

To reveal the individual requirements for the two isoforms we generated pn#’? and pn*? specific
mutants using CRISPR/Cas9 genome editing (Fig 2.1A). To confirm the effectiveness of the
molecular strategy, we also engineered a pn##??* double mutant allele. As reported for pnt*”8
(Morimoto et al., 1996; O'Neill et al., 1994), homozygous pn#”?P3 adults were never recovered,
indicating that the combined function of the two isoforms is essential for viability. In contrast,
homozygous pn#*? animals were fully viable while homozygous pn#? animals occasionally

survived (scoring 2058 3™ instar progeny from a cross between pn#’>/TM6B parents found only
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35 homozygous pn#’’ animals, a 1.7% survival rate). The differences in survival of the isoform
specific mutants suggested both redundant and non-redundant requirements for PntP2 and PntP3

during development, with PntP2 playing the major role and PntP3 a more auxiliary one.

Focusing on photoreceptor specification, homozygous pn#”??3 clones were missing all
photoreceptors except R8 (Fig 2.3A-A"’), consistent with published analysis of pn#*’® (O'Neill et
al., 1994; Shwartz et al., 2013). We reasoned that if the function of both PntP2 and PntP3 is
required for photoreceptor specification, then neither single mutant should recapitulate the
double mutant phenotype. If so, the requirement for PntP3 should manifest in the first round
fates where it is strongly expressed but not in second round fates where its levels are low (Fig
2.2A, B and S2.3B Fig). Alternatively, if PntP3 does not contribute activity essential to
photoreceptor specification, then the pn#”? and pn#*’P? mutants should show identical loss of R1-

R7 phenotypes.

To test these predictions, we first assessed photoreceptor loss in adult eyes, using F-actin to
highlight the number and spatial arrangement of the rhabdomeres. In a wild type ommatidium,
the larger rhabdomeres of R1-R6 are arrayed in a trapezoidal-shaped ring around the smaller R7
rhabdomere (Fig 2.3B). Whereas ommatidia of homozygous pn#*? adults had the full complement
of photoreceptors (Fig 2.3C), those of the rare homozygous pn#*? escapers did not (Fig 2.3D).
Loss of R7 was fully penetrant (100%, n=204, white arrow), with most ommatidia missing two
additional photoreceptors (73%, n=204, yellow circles), and some showing even greater loss (red
arrow). The more modest photoreceptor loss seen in pn#’ single mutants relative to pnt”?’

double mutants indicates a functional requirement for PntP3.
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Examination of 3™ instar discs confirmed that loss of pn#” resulted in loss of only the cell fates
recruited during the second round of specification. First, only a few Pros positive cells remained
in the posterior of discs from homozygous pn#*? animals; a similar posterior scattering of Cut-
positive cells suggested a complete failure to specify R7 photoreceptors and most cone cells (Fig
2.3I and S2.4A, B Fig). Second, normal expression of Sal and reduction of Svp expression to
only two, rather than four cells per ommatidia, indicated correct specification of photoreceptors
R3/R4 and a failure to specify R1/R6 (Fig 2.3J-L). Third, and confirming no other consistent
photoreceptor specification defects, examination of Sens and Elav patterns in pn#”? mosaic discs
indicated normal recruitment of photoreceptors R8/R2/RS (Fig 2.3M, L). Thus the complete loss
of R1-R7 fates that occurs in pn##??? double mutant ommatidia (Fig 2.3A) reflects the combined
loss of redundant inputs to R2-R5 first found fates plus the PntP2-specific input to R1, R6 and

R7 second round fates.

71



Fig 2.3 Redundant and unique requirements for PntP2 and PntP3 in photoreceptor
specification
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(Fig 2.3 continued) A) Representative 3™ instar eye disc of genotype eyFLP/+;act-Gal4, UAS-
GFP,;FRT82B,pnt"*P’/tub-Gal80,FRT82B, oriented anterior left. Elav (red) marks all
photoreceptors and anti-Sens (blue) marks R8. Homozygous pn#’’3 mutant clones, positively
marked by GFP (green), lack all photoreceptors except R8. A’ and A’ show zoomed views of
boxed region in A. MF, orange arrowhead. SMW, red arrowhead. Scale bar: 10 um. (B-D) Adult
retinas stained with phalloidin to mark the rhabdomeres. (B, C) Both wild type and pn#? mutants
have regularly arrayed rows of ommatidia; white arrow points to the small R7 rhabdomere at the
center of the outer trapezoid formed by the larger R1-R6 rhabdomeres. (D) All ommatidia of
homozygous pn#”? mutants lack R7, most also lack two outer rhabdomeres (yellow circles), and
some show even greater loss (red arrow). Scale bars: 5 pum. (E-L) Representative 3rd instar eye
discs, oriented anterior left. R7 and cone cells are marked by Pros (white), R3/R4 pairs are
marked by Sal (red) or Svp (red), and R1/R6 pairs are marked by Svp (red). (E-G) pn#”’ mutants
appear wild type. (I-K) pn#”? mutants lack R7 and most cone cells (I), have normal R3/R4
specification (J, K), and lack R1/R6 (K). (H, L) Schematic summaries of photoreceptor
specification patterns in pn#”? and pn#’? mutants. Scale bars: 10 um. (M) Representative 3™ instar
eye disc of same genotype as in (A). Homozygous pn#”? clones, positively marked by GFP
(green), show normal R8/R2/R5 specification as marked by Elav and Sens. K’ and K’’ show
zoomed views of boxed region in K; yellow arrow points to a newly specified R2/R5 pair. Scale
bar: 10 um.

S 2.4 Fig Cone cell loss in pntp2 mutants

(A-B) Representative third instar eye discs oriented anterior left, stained with anti-Cut to mark
the cone cells. Homozygous pn#”? mutants appear fully wild type (A) while only a few scattered
Cut-positive cells remain in pn#”’ mutants (B). Scale bar: 10 um.

2.4.3 PntP2 and PntP3 provide robustness through redundant activation of pntP1 transcription
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A central tenet of the current model of pnt function during photoreceptor specification is that
PntP2 activates pntP1 transcription (Shwartz et al. 2013; Fig 2.1C) . Given the partial genetic
redundancy between PntP2 and PntP3, we asked whether PntP3 also contributes to this

activation.

To start, we used reverse transcription quantitative polymerase chain reaction (RT-qPCR) to
measure pntP] transcript levels in pn#”? and pn”’ mutant tissues. In both mutants, decreases in
pntP1 transcripts were measured in eye discs across three independent biological replicates,
although the changes were not statistically significant (p = 0.1; Fig 2.4A; S 2.1 Table). This
suggests either redundancy between PntP2 and PntP3 with respect to activating pntP1
transcription, inadequate sensitivity in the RT-qPCR assay, or that PntP2 and PntP3 are not the

primary activators of pntP1.

We were concerned that by grinding up whole tissue we were destroying spatial information and
therefore missing locally significant changes in pntP1 levels. Also, the animals lacking both
PntP2 and PntP3 do not survive to 3™ instar, precluding RT-qPCR analysis of the double mutant.
Thus we turned to fluorescence in situ hybridization (FISH) to ask whether the two isoforms
work redundantly to active pntP1I expression. FISH probes targeting the pntP1I isoform-specific
exons revealed an expression pattern consistent with that of the pntP1 enhancer trap allele
(Scholz et al., 1993; Shwartz et al., 2013). Specifically, we detected peak pntPI transcription in a
periodic pattern at the MF, lower levels of expression in the zone between the MF and SMW
region and then lowest levels posterior to the SMW (Fig 2.4B, D, S2.5B Fig). In pair-wise

comparisons of wild type vs. pn#*? and wild type vs. pn#”?, no changes in pntPI transcription
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were noted (Fig 2.4B-E), consistent with the RT-qPCR results. However in pn#”?? mutant
clones, pntP1 expression at the MF was strongly reduced (Fig 2.4F-F*). We conclude that PntP2

and PntP3 redundantly activate pntPI.
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Fig 2.4 PntP2 and PntP3 redundantly activate pntP1 transcription
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(Fig 2.4 continued) (A) RT-qPCR comparison of pntP1 transcript levels in wild type versus pn#”?
(blue bars) and pn#”3 (orange bars) 3™ instar eye-antennal discs. No significant changes were
detected. Error bars represent S.D. of three independent experiments. Significance was calculated
via pair-wise Student T-tests between the mutant sample and the control gene. (B-F) pntP1 FISH
in 3™ instar eye imaginal discs, oriented anterior left, with MF marked by orange arrowhead and
SMW (Fig 2.4 continued) marked by red arrowhead. (B-E) Maximum projections, (F) partial
projections. Scale bars: 5 um.

(B, C) pntP1I transcripts patterns were comparable between wild type (B) and pn#*? (C). (D, E)
pntPI transcript patterns were comparable between wild type (D) and pn#3 (E). (F) Homozygous
pnt”’P3 mutant clones, positively marked with GFP (green), show reduced pntPI at the MF.
Consistent results were obtained from analyzing 12 clones from 9 discs across 3 independent
experiments.
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S 2.5 Fig pntPI transcription did not change in pntp2 and pntp3 mutant wing imaginal discs
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(S 2.5 Fig continued) (A) RT-qPCR comparison of pntP[ transcript levels in wild type versus
pnt”? (blue bars) and pn#”? (orange bars) null mutant 3™ instar wing imaginal discs. No significant
change was detected. Error bars represent standard deviations of three independent experiments.
(B) Quantification of pntPI FISH in the wildtype disc of Fig 2.5B from maximum projections.
pntP2 levels begin to rise to peak at the MF (yellow arrow), quickly decrease between MF and
SMW (S 2.5 Fig continued) (red arrow) and slowly decrease to a steady state posterior to the
SMW. Each dot plots the product of the fluorescent intensity and the size of an individual pntPI
FISH focus, representing the relative amount of pntP1 transcript (y-axis on the left) The line
connects the moving average of the sum of all foci within one-pixel windows along the x-axis (y-
axis on the right).

2.4.4 Context specific auto- and cross-regulation of pntP2 transcription

Having established the functional redundancy of PntP2 and PntP3 with respect to induction of
pntP1, we next investigated how the system tunes these two parallel inputs. In particular we
wondered whether cross-regulatory feedback might coordinate and optimize PntP2/PntP3
expression levels, and ultimately their activity. To test this, we used RT-qPCR to measure
changes in pntP2 and pntP3 transcript levels in eye imaginal discs dissected from pn#? and pn#”’

homozygous mutant 3* instar larvae.

Two findings emerged. Most striking, and unexpectedly, the experiment uncovered negative
auto-regulation for both isoforms (Fig 2.5A). Thus, pntP2 transcript levels were significantly
increased in pn#”? mutant tissue (p < 0.01) and pntP3 transcripts were significantly increased in
pnt”? mutant tissue (p < 0.05). Given the surprising nature of this result, we repeated the
experiment using wing imaginal discs, and again found significant increases in transcript levels
in the respective mutant (Fig 2.5B). Thus both isoforms negatively regulate their own

transcription, either directly or indirectly.
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Second, evidence of cross-regulation emerged from the eye disc experiments (Fig 2.5A), with a
modest, but reproducible and significant 12% average increase in pntP3 transcript levels
measured in pnP? mutant tissue (p < 0.05; S2.1 Table). In the converse experiment, the increases
in pntP2 transcript levels measured in pn#”? mutant tissue were more variable across the three
biological replicates (S1 Table), resulting in a statistically insignificant 47% average increase (p
= 0.18). Thus the possibility of bidirectional inhibitory cross-regulation remains an open

question. Cross-regulatory interactions were not detected in the wing disc (Fig 2.5B).

The coexpression of PntP2 and PntP3 in the anterior half of the disc where first round
photoreceptor fates are specified predicted that the regulatory interactions uncovered by RT-
qPCR were occurring in this context. We therefore turned to FISH to corroborate the negative
auto-regulation and to assess further the possibility of cross-regulatory interactions. We found
that pntP2 transcription initiated at the MF, peaked in the region of the second mitotic wave
(SMW), and then continued at a more moderate level across the posterior half of the disc (Fig
2.5C, E). This pattern was consistent with that reported by the enhancer trap pnt/?’7 although the
prolonged perdurance of beta-galactosidase likely over-reports pntP2 levels in the posterior (Fig
2.2). Unfortunately our FISH protocol was not able to detect pntP3, presumably because its

specific exon is too short for adequate numbers of probes (see Methods).

We next compared pntP?2 transcript levels in wildtype versus pn#”? null mutant retinal tissue. In
both whole mutant eye discs (Fig 2.5C-F) and in null mutant clones (Fig 2.5G), increased pntP2
transcription was evident in the MF and in the adjacent region where pntP2 levels normally peak

(Fig 2.5C and S2.6). We also noticed a change not predicted by the RT-qPCR analysis, namely a
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decrease in pntP2 transcripts in the posterior of the disc (Fig 2.5C-F and S2.6). This suggests
pntP2 transcription is regulated differently in anterior versus posterior regions of the developing

eye field.

Because PntP3 expression is strongest anteriorly (Fig 2.2), we wondered whether the increase in
pntP?2 transcripts detected in pn#”? mutant tissue reflected cross-regulatory activation by PntP3.
To test this we examined pntP2 transcript levels in pn#”?P3 double mutant clones (Fig 2.5H). No
increase was detected at the MF or in the adjacent region of peak expression. In more posterior
pnt"?P? mutant clones, pntP?2 transcript levels were lower than in adjacent wild type clones,
exactly as seen in pn#”? single mutant clones (Fig 2.5G). Thus in anterior regions where PntP3
expression is strong, loss of PntP2 results in a PntP3-dependent increase in pntP2 transcription
whereas in posterior regions where PntP3 expression is normally low, loss of PntP2 results in a
PntP3-independent reduction in pntP2 transcription. Thus the regulatory relationships between

Pnt isoforms established at the MF are reset after the SMW.
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Fig 2.5 Distinct context-specific interactions regulate pntP2 transcription across the eye field
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(Fig 2.5 continued) (A, B) RT-qPCR comparison of pntP2 and pntP3 transcript levels in wild
type versus pnt’? (blue bars) and pn#”3 (orange bars) 3™ instar eye-antennal (A) and wing (B)
discs. Significant increases were detected. Error bars represent S.D. of three independent
experiments. Significance was calculated via pair-wise Student T-tests between the mutant
sample and the control. **, p <0.01; *, p< 0.05. (C, D) Maximum projection images of pntP2
FISH in representative wild type and pn#*? 3™ instar eye imaginal discs, oriented anterior left.
Orange arrowheads mark the MF, red arrows mark the peak of pntP2 expression and blue arrows
mark the start of lower expression in the posterior half of the disc; the three can be mapped to
correspondingly colored marks in Fig. 2.2A based on the pixel distances. In pn#? discs (D)
relative to wild type (C), an increased and broader peak of pntP2 transcripts was detected in and
immediately posterior to the MF while a decrease was seen in the posterior half of the disc. Scale
bar: 5 um. (E, F) Quantification of pntP2 FISH in 6 wildtype (E) and 6 pn#”? mutant (F) discs
from maximum projections. In wild type, pntP2 levels begin to rise anterior to the MF, peak and
decrease to a steady state. In pn#? discs, pntP2 levels were higher than normal in the anterior
half (left of blue arrow) but lower in the posterior (right of blue arrow). Each dot plots the
product of the fluorescent intensity and the size of an individual pntP2 FISH focus, representing
the relative amount of pntP2 transcript (y-axis on the left) The line connects the moving average
of the sum of all foci within one-pixel windows along the x-axis (y-axis on the right). (G)
Homozygous pnt”’ clones in a 3™ instar eye disc, positively marked with GFP (green). Clone
boundary is circled with green line (G’). pntP2 levels in the mutant clones appeared higher in the
anterior region but decreased in the posterior relative to adjacent wild type tissue. Examination
of 8 clones in 7 discs from 3 independent experiments showed consistent changes. Images are
partial projections. Scale bar: 5 um. (H) pntP2 FISH in homozygous pn#*’?3 clones, positively
marked with GFP (green). pntP2 levels in anterior mutant clones were indistinguishable from
wild type but appeared decreased in more posterior clones. Examination of 9 clones in 6 discs
from 2 independent experiments showed consistent changes. Images are partial projections.
Scale bar: 5 um.
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(A) Single optical slice from a 3™ instar eye disc shows individual pntP2 FISH foci (white dots)
in each cell. DAPI (magenta) marks the nuclei.(B-C) Additional quantitative analysis of pntP2
FISH in wild type (green dots) versus pn#”> mutants (red triangles) using maximal projections of
the same set of eye imaginal discs used for the analysis in Fig. 2.7C, D. (B) Each dot/triangle
plots the average pntP?2 transcript per cell (quantified as the product of focus intensity and area)
for each pixel window along the x-axis. Error bars depict standard deviation. Consistent with the
data and analysis in Fig. 2.7A-D, the average pntP2 transcript level per cell is higher in the peak
region and lower in the posterior in pn#”? mutant discs than in corresponding regions in wild type
discs. (C) Quantification of the number of pntP2 FISH foci counted. The dots/triangles represent
the total number of foci counted for each pixel window along the x-axis. In pn#”’ mutant discs,
more foci were counted in cells leading up to the peak region and fewer were counted in the
posterior (blue arrow and to the right). Together with Fig. S2.6B, this analysis suggests that the
increase in pntP?2 transcript in pn#”? mutant is a compound effect of increased transcription in
cells normally transcribing pntP2 at a detectable level, and increased transcription in cells that
normally transcribe pntP2 below a detectable level. Conversely, decreased transcription in cells
in the posterior results in both lower average transcript per cell and fewer cells with detectable

levels.

2.4.5 PntP2 and PntP3 buffer developmental transitions against compromised RTK Signaling
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Functional redundancy can provide robustness not only toward loss-of-function mutations in
each gene, but also toward variation in the signaling environment in which the gene products
function; such variation can result from either genetic or environmental stress. Given that Pnt
mediates RTK/MAPK signaling, we asked whether the inclusion of PntP3 in the network
protects development from being perturbed when RTK signaling is compromised. We first
reduced pathway activity by removing one copy each of egfi and of the MAPK encoding gene
rolled (rl). We grew the animals either at constant optimal temperature (25°C) or subjected them
to repeated 18°C to 31°C temperature shifts. Indicating the remaining activity was sufficient to
support normal development, adult egfi/r/ heterozygotes appeared fully wild type (Fig 2.6A and
S2.7 Fig). In the absence of temperature stress, reducing the dose of either pntp2 or pntp3 did not
produce retinal defects, but in the wing, another context in which PntP2 has been implicated in
EGFR-mediated regulation of patterning (Paul et al., 2013), defects were noted (Fig 2.6B, C).
Most striking, removal of either both copies of pn#”? or one copy each of pn#*? and pn#”? in the
egfir/rl background resulted in an 80% penetrant disruption in pattern (Fig 2.6D-F). This suggests
that PntP3 confers robustness in situations when RTK/Pnt signaling levels fall below a certain
threshold. When temperature stress was added, egfi/rl; pnt”? animals died as pharate adults, but
again without significant photoreceptor loss (S2.7 Fig). However in retinas dissected from
pharate egfi/rl; pnt”’/pnt”? quadruple heterozygotes, 12% of ommatidia were missing
photoreceptors (S2.7 Fig). Thus the strong genetic synergy noted between pntP2 and pntP3

during wing patterning (Figure 2.6F) is also important for retinal development.

Encouraged by these findings, we turned to a more extreme sensitized background to test further
the robustness hypothesis in the retina. Specifically we crossed the pn#? and pn#*? alleles to flies

carrying a Sev-Yan'T transgene, a genetic background in which constitutive activity of the RTK
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antagonist Yan blocks specification of the photoreceptor fates in which it is expressed (Rebay
and Rubin, 1995; Rebay et al., 2000). The sev regulatory sequences drive expression mainly in
the R3/ R4 pair, in R7 photoreceptors and in cone cells (Basler et al., 1989; Tomlinson et al.,
1987). We took advantage of the dose-sensitivity of Sev-Yan?‘T transgenes (Rebay and Rubin,
1995; Rebay et al., 2000) and selected a line that causes fully penetrant loss of R7 but only
partial loss of R3/R4 photoreceptors; as a result, overall disruption to the adult eye pattern is
modest (Fig 2.7A, D, G; Rebay and Rubin, 1995). Zooming in and quantifying the number of

ACT ommatidia

rhabdomeres in over a thousand ommatidia showed that about ~50% of Sev-Yan
were missing either an R3 or R4 rhabdomere (Fig 2.7D, yellow star and Fig 2.7G, orange bar);
and so in contrast to those only missing R7 but retaining the normal complement of 6 large
rhabdomeres representing the R1-R6 photoreceptors (Fig 2.7D, red arrow and Fig 2.7G, grey
bar), these only had 5 rhabdomeres. Thus, in this genetic background, RTK signaling is just
barely sufficient to support R3/R4 specification. Because PntP2 and PntP3 are co-expressed and

functionally redundant in normal R3/R4 fate specification (Fig 2.2 and 2.3), this provided an

ideal context to assess whether this redundancy provides robustness to compromised signaling

Removal of one copy of either pntP2 or pntP3 dominantly enhanced the Sev-Yan¢T

rough eye
phenotype, producing visibly stronger disruptions in the adult eye pattern (Fig 2.7A-C).
Quantification of rhabdomere numbers across thousands of individual ommatidia supported this
qualitative impression and revealed a shift toward more penetrant photoreceptor loss (Fig 2.7E-
G). Thus introducing heterozygosity for either pn#”? or pnt”? reduced the frequency of ommatidia
with the full complement of R1-R6 rhabdomeres to only ~10-20% (Fig 2.7G, grey bars) and

increased the frequency of R3/R4 loss (Fig 2.7G. orange and blue bars). Loss of either both

copies of pnt”3 or one copy each of pn#? and pn#’? enhanced even further, with quantification
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showing similar patterns of increased photoreceptor loss (Fig 2.7G; S2.8A, B Fig). In these
enhanced backgrounds, ommatidia with fewer than four rhabdomeres were occasionally found
(Fig 2.7F, red star); this could reflect the additional loss of R1 or R6 cells, where Sev drives
expression at much lower levels (Tomlinson et al., 1987; Tomlinson et al., 2011) or a later
consequence of cone cell loss (Rebay and Rubin, 1995) on overall photoreceptor survival.
Overall these results reveal non-redundant contributions of both PntP2 and PntP3 to R3/R4

photoreceptor specification under conditions of reduced RTK signaling.

egfre/rl; pntr/+

F
- wildtype wing | distal defect
87 0 0

egfro/rl

egfio/rl; pnt??/+ 58 3 4.9

egfr/rl; pnt?’/+ 63 0 0
egfr/rl; pnt”® 34 132 79.5

egfre/rl; pnt”/pnt” 7 32 82

egfreo/rl; pnt?* egfre/rl; pnt*/pnt®

Fig 2.6 PntP2 and PntP3 buffer against the reduction of MAPK activation during wing
patterning

Adult wings are oriented anterior up and distal left. (A-F) Representative adult wings showing
the effects of reduced pn#”? and pn”? dose in a sensitized egfi<° /rl background. (A) egfi<°/rl
trans-heterozygotes appeared wild type. (B) Loss of one copy of pn#”? produced occasional distal
margin defects. (C) Loss of one copy of pn#*? did not disrupt patterning. (D) Loss of both copies
of pnt”? resulted in penetrant distal margin defects. (E) Simultaneous reduction in dose of pn#?
and pn#*? synergistically increased wing margin defects. (F) Quantification of wings as either
wild type or with margin defects for each genotype in (A-E). Scale bar: 0.1 mm.
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Fig 2.7 PntP2 and PntP3 stabilize R3/R4 fate transitions against compromised RTK signaling

(A-F) Heterozygosity for either pn#”? or pn#”> dominantly enhances the Sev-Yan®’ induced
disruption in external eye morphology and photoreceptor loss. (A-C) Representative adult eyes
of indicated genotype. Scale bar: 50 um. (D-F) Phalloidin staining of representative adult eyes of
indicated genotype. Red arrow points to the ommatidium lacking the R7 rhabdomere, yellow
stars indicate ommatidia with five outer rhabdomeres, blue arrows point to ommatidia with four
outer thabdomeres and red star indicates the ommatidium with three outer rhabdomeres. Scale
bar: 5 pm. (G) Quantification of photoreceptor loss in phalloidin-stained adult eyes expressed as
the frequency of ommatidia with 6, 5, or <=4 remaining outer rhabdomeres. n represents the
number of ommatidia scored for each genotype. In the Sev-Yan® controls, ommatidia with 5 or 6
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(Fig 2.7 continued) outer rhabdomeres were present at a roughly 1:1 ratio and less than 10% of
ommatidia had fewer than 4. Heterozygosity for either pn#*? or pnt#”? shifted this distribution: for
both, the majority of ommatidia (~60%) had 5 outer rhabdomeres. However reduction in pn#”?
caused a larger increase in fraction of ommatidia with 4 or fewer outer rhabdomeres than did
reduction in pn#”?*. When both copies of pn#”? were removed, ommatidia with <=4 or 5 outer
rhabdomeres were present at a roughly 1:1 ratio and less than 10% of ommatidia had 6
rhabdomeres. A similar enhancement pattern was scored in animals heterozygous for the double
mutant pn#*’P3,
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S 2.7 Fig Combining genetic with temperature stress reveals contributions of pntP2 and pntP3
to developmental robustness
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(S 2.7 Fig continued) (A-B) Single optical slice of phalloidin staining of representative adult
eyes of indicated genotype. The animals had been subjected to temperature stress during larval
development. egfi/rl (A) , egfi/rl; pnt”3/pnt”? (B). Red arrow points to an ommatidium lacking
the central R7 rhabdomere and yellow star points to an ommatidium that also lost outer R1-R6
rhabdomeres. Scale bars: 5 pm. (C) Quantification of photoreceptor loss in phalloidin-stained
adult eyes expressed as the frequency of ommatidia with all seven rhabdomeres (R1-R7), losing
R7 only, losing one of the outer R1-R6, or losing both R7 and more than one outer rhabdomeres.
n represents the number of ommatidia scored for each genotype. In the egfi/rl controls, more
than 99% ommatidia had all R1-R7 rhabdomeres. Heterozygosity for either pn#”* or pnt*? or
homozygous loss of pn#”’ were essentially indistinguishable from control. In contrast, in egfi/rl;
pnt”3/pnt”’ retinas, only 88% of ommatidia had the full complement of R1-R7 rhabdomeres. Of
the 12% that lost photoreceptors, 7% lost only R7, 2% lost only one outer, 1% lost both R7 and
one outer and 1% lost more than one outer. Significance was calculated via two tailed Student T-
tests between each mutant and the egfi/rl control. Only egfi/rl; pnt”3/pnt"? showed significant
photoreceptor loss, **** p <0.0001.
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S 2.8 Fig Reducing the dose of pntp3 and pntp2 enhances Sev-Yanact induced photoreceptor
loss

(A-B) Phalloidin staining of representative adult eyes of indicated genotype showing that
homozygous pnt”? (A) or heterozygous pn#*’P? (B) enhances the Sev-Yan®' induced photoreceptor
loss. Scale bar: 5 um.

2.5 Discussion
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In this study we explore the contributions of a previously uncharacterized Pointed isoform,
PntP3, to the transcriptional effector network that directs developmental transitions downstream
of receptor tyrosine kinase signaling. We show that PntP3, like PntP2, functions as a MAPK
responsive transcription factor, but that despite their molecular and functional similarities, PntP3
and PntP2 have distinct expression patterns, transcriptional activities and mutant phenotypes.
Together our results suggest that essential regulatory responsibilities previously attributed solely
to PntP2, are actually distributed between PntP2 and PntP3, and that depending on context, the
two work redundantly, uniquely or synergistically. We speculate that a network of auto- and
cross-regulatory interactions between the isoforms fine-tunes Pnt transcriptional output to confer

specificity and robustness to the developmental transitions it directs.

Our investigation of the PntP3 isoform has uncovered a context-dependent bifurcation in the
transcriptional effector network that transduces RTK/MAPK signaling. In doing so, it has also
corrected an erroneous assumption regarding the role of the closely related PntP2 isoform. Prior
to our study, the accepted model was that MAPK phosphorylation of PntP2, followed by PntP2p-
mediated induction of pntPI transcription, provided the essential activating input for RTK-
dependent transitions (Fig 2.1C; Shwartz et al., 2013). As exemplified by studies in the eye, the
genetic cornerstone of this model was that null alleles of either pntP2 or pntP1 produce identical
phenotypes of failing to specify R1-R7 fates (O'Neill et al., 1994; Shwartz et al., 2013; Yang and
Baker, 2003). However the allele pn”® (O'Neill et al., 1994), previously misinterpreted as a
pntP2-specific null, actually disrupts the exon common to pntP2 and pntP3. Thus the failure to
specify R1-R7 fates reflects the compound loss of PntP2 and PntP3. We note that an earlier study

using hypomorphic truly pntP2-specific alleles concluded correctly that there is an “absolute
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requirement for pntP2 function in R1, R6 and R7” but did not detect the requirement in R2-R5

(Brunner et al., 1994a).

A schematic summarizing the combined contributions of PntP3 and PntP2 to photoreceptor fate
specification is presented in Figure 2.8 as a framework for considering some of the mechanistic
implications of our work. To recap briefly the key phenotypes and regulatory interactions on
which the model is based, our study revealed redundant functional requirements for PntP2 and
PntP3 in specifying the first round fates R2/R5/R3/R4; thus either single mutant recruits wild
type 5-cell ommatidial clusters, while only in the double mutant are R2-R5 fates lost.
Molecularly, PntP2 and PntP3 redundantly activate pntP1 transcription (Fig 2.8A) with
significant reduction in pntPI levels detected only in the double mutant. In contrast, only PntP2
is required during the second round of photoreceptor specification and so eyes from isoform-
specific pn#”? null mutants lack R1, R6, R7 fates whereas pn#”? mutant ommatidia are wild type.
Because pntP1 transcript levels posterior to the SMW are already quite low in wild type discs,
our FISH experiments were unable to detect the presumed reduction in pntPI in pn*? mutant

discs.

As a general developmental strategy, the redundant use of PntP2 and PntP3 may provide an
effective buffer against genetic perturbations that reduce RTK signaling. Using R2-R5
photoreceptor specification as a specific example, the presence of redundant MAPK effectors in
the early stages of ommatidial assembly may maximize overall robustness by minimizing early
“mistakes” that would derail the entire process. Supporting this idea, we found that in a

genetically sensitized background with reduced MAPK signaling output in R3, R4 precursors
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(Rebay and Rubin, 1995; Rebay et al., 2000), loss or reduction in dose of either pntP2 or pntP3,
which in otherwise wild type discs did not compromise patterning, now resulted in loss of these
cell fates. Analogous results were obtained in the wing, and when temperature stress was added
on top of genetic stress, animals lacking PntP3 failed to eclose. Thus redundant use of PntP2 and

PntP3 can confer developmental robustness.

Just as inadequate signaling compromises developmental transitions, so will excessive,
oncogenic-levels of pathway activation. For example, genetic perturbations that enhance RTK
pathway output, such as increased Pnt expression or activity, severely disrupt ommatidial
assembly and wing patterning (Brunner et al., 1994b; Karim et al., 1996; Prober and Edgar,
2000). Therefore to prevent redundant use of PntP2 and PntP3 from overactivating

transcriptional programs, the Pnt output needs to be fine-tuned.

The negative auto-regulation of both pntP2 and pntP3 transcript levels uncovered in our study
may serve this purpose (Fig 2.8A). Although Pnt is well-established as a transcriptional activator,
a handful of studies have implicated Pnt in negative regulation of gene expression (Kurada and
White, 1998; Rohrbaugh et al., 2002; Webber et al., 2018; Zhu et al., 2011).The underlying
molecular mechanisms are still under investigation, but based on our prior work showing
extensive Pnt chromatin occupancy across the pnt locus (Webber et al., 2018), we favor a
mechanism in which direct auto-repression keeps PntP2 and PntP3 levels in check. However an
indirect mechanism involving Pnt-mediated transcriptional activation of a repressive factor is

equally plausible. If direct auto-regulation is used, the ability of Pnt to recruit and co-occupy
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enhancers with the ETS family repressor Yan and the corepressor Groucho uncovered in a recent

study (Webber et al., 2018) could provide the repressive mechanism.

Counteracting the negative auto-regulation at pntP2 and pntP3, we also uncovered positive
transcriptional cross-regulation whereby PntP3 can activate pntP2. Thus in pn#”??? double mutant
clones, the increase in pntP?2 transcript levels that occurs in pn#*? single mutants was no longer
observed. Again, we favor the simplest model of direct activation of pntP2 by PntP3 (Fig 2.8A),
but cannot rule out more complicated indirect regulatory relays. Whether the converse cross-
regulation of pntP3 transcription by PntP2 occurs, and whether PntP2 and/or PntP3 positively
auto-regulate their transcription anterior to the SMW remains to be assessed. The decrease in
pntP2 transcript levels measured posterior to the SMW in pn#”’ mutant tissue argues that positive
auto-regulation is possible, making it plausible that such regulation could also fine-tune

PntP2/PntP3 levels and output during specification of first round fates.

How specific PntP2:PntP3 ratios influence the acquisition of different photoreceptor cell fates
will be in an interesting focus for future work. Numerous studies have shown that regulatory
networks can either amplify or suppress both the intrinsic noise (i.e. the randomness associated
with transcription and translation) and extrinsic noise (i.e. the fluctuations in cellular processes
or environment) of protein levels to influence cell fate decisions (Chang et al., 2008; Singh and
Hespanha, 2009; Voliotis and Bowsher, 2012). Very speculatively, perhaps the network of auto-
repressive and cross-activating interactions between PntP2 and PntP3 also tunes the cell-to-cell
variation in Pnt isoform or Pnt target gene expression, thereby influencing the response to

inductive signaling.
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Another intriguing feature of the network of transcriptional interactions uncovered in our study is
that corresponding to the switch from redundancy between PntP2 and PntP3 to the uniqueness of
PntP2, the balance of PntP2 autoregulation shifts from repression during first round fate
specification to activation during the second round (Fig 2.8A). Fig 2.8B offers speculation on
how the distinct RTK signaling environments anterior vs. posterior to the SMW, combined with
intrinsic differences in PntP2 vs. PntP3 activity, could produce this shift. Briefly, we propose that
the level of MAPK activity determines the ratios between the unphosphorylated forms of PntP2
and PntP3 and the phosphorylated forms, PntP2p and PntP3p, and that these ratios in turn dictate

specific transcriptional output.

For example, during photoreceptor specification, R2-R5 first round fates rely exclusively on
EGFR signaling while the R1, R6, R7 photoreceptors specified during the second-round
experience additional RTK signaling through Sevenless (Sev); studies focused on R7
specification have highlighted the requirement for both EGFR and Sev (Basler and Hafen, 1989;
Stark et al., 1976; Tomlinson et al., 2019). Using the same Ras/MAPK/Pnt pathway, EGFR and
Sev-initiated signals can be considered interchangeable (Fortini et al., 1992; Freeman, 1996),
with lower pathway activity required in the first round and higher activity needed in the second
(Tomlinson et al., 2011; Tomlinson et al., 2019). Because both PntP2 and PntP3 are direct
MAPK substrates whose transactivation potential is increased by phosphorylation, their
combined transcriptional output will be sensitive to the abundance of activated MAPK. Under
conditions of lower signaling and when both isoforms are co-expressed, as occurs anterior to the

SMW, competition for the limited pool of activated MAPK will lead to domination by the
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unphosphorylated, less active forms. The presence of PntP3, whose unphosphorylated form has
equivalent activity to PntP2p, and whose phosphorylated form has twice the activity of PntP2p
(Fig 2.1D), may be important to make sure pathway output remains above a certain threshold in
situations with lower levels of signaling. Although at first glance this might predict that the
system would not tolerate loss of PntP3, because loss of PntP3 also reduces MAPK substrate
competition, this would shift the distribution of PntP2 protein toward the phosphorylated more

active form, thereby ensuring a robust transcriptional response.
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Fig 2.8 Model: Context-specific topology and function of the Pnt network

(A) A schematic summary of the Pnt network. During first-round specification, both PntP2 and
PntP3 auto-repress their transcription, PntP3 activates pntP2, and PntP2 and PntP3 redundantly
activate pntP1. During the second-round, PntP2 auto-activates its own transcription and activates
pntP1; PntP3 does not contribute. (B) Proposed Pnt network functions in the different signaling
environments of first and second round specifications. The color scheme illustrates the range of
transactivation activity: for PntP3, yellow indicates high activity and orange low; for PntP2 dark
blue indicates high activity and light blue low. As depicted for PntP2, the low transactivation
potential of the unphosphorylated forms may allow the proteins to operate as transcriptional (Fig
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2.8 continued) repressors. Different sized ovals depict relative abundance of the phosphorylated
versus unphosphorylated forms. See Discussion for details.

How might these relationships manifest at the level of target gene enhancers? Given that PntP2
and PntP3 have the same ETS DNA binding domain and are identical except for the sequences
N-terminal to the SAM, we expect they recognize the same DNA binding sites. Thus in the
simplest scenario in which the phosphorylated and unphosphorylated forms of both PntP2 and
PntP3 compete equally for enhancer occupancy, situations in which the unphosphorylated forms
predominate would prevent excess activation of target genes. Much greater regulatory
complexity is possible if modest enhancer-specific preferences between PntP2 and PntP3 and
between the phosphorylated and unphosphorylated forms bias the competition. We suggest such
biased competition will be essential to achieving limited activation, or even repression, of target
genes such as pntP2, while allowing strong induction of others, such as pntP1, in the same cell.
Based on a large-scale interactome study that reported closely related isoform pairs often have
distinct protein-protein interaction patterns (Yang et al., 2016), it is possible that association with

distinct cofactors also contributes to Pnt isoform enhancer occupancy bias.

The substrate competition-based model also readily explains the transcriptional shifts that may
occur in the individual pn#”? and pn#”3 mutants (Fig 2.8C). If one removes either PntP2 or PntP3,
then overall competition for activated MAPK is eased, resulting in domination by the
phosphorylated form of the remaining protein to boost transcriptional output. This would
derepress targets like pntP2, as detected in our experiments, while activation of targets like
pntP1 would continue at physiologically functional levels. This same scenario plays out in an

even stronger form in the wild type disc during specification of second round photoreceptor
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fates, where the combination of only PntP2 plus twice the RTK pathway input would result in
phosphorylation of an even greater proportion of total PntP2 protein (Fig 2.8B). Because PntP2
appears to have intrinsically weaker transactivation potential than PntP3, ensuring full
phosphorylation in situations where it is the sole MAPK effector may be critical to activating the

transcriptional program.

Besides its role in the specification of first round photoreceptor fates, the expression of PntP3
suggests it might also contribute to the patterning of R8 and the cone cells. For RS, although its
specification does not require EGFR/Pnt activation, EGFR signaling is essential for the proper
spacing between R8 cells (Dominguez et al., 1998; Frankfort and Mardon, 2002; Kumar et al.,
1998; Yang and Baker, 2001). As GFP-PntP3 and pntP1 both express at high levels at the MF,
they may have redundant functions in R8 spacing. For cone cells, previous work has suggested
that as with first round photoreceptor fates, EGFR is the sole RTK involved in their specification
(Freeman, 1996). Our finding that GFP-PntP3 is coexpressed with pntP2 in cone cells, combined
with the partial loss of Cut-positive cells that we noted in pn#”? mutant discs, suggests PntP3 and
PntP2 may together ensure robust specification of cone cell fates. Further investigation of the
function and regulation of Pnt isoforms in a broad range of developmental contexts will be an

interesting direction for further studies.

Our study adds to the growing appreciation of the enormous regulatory potential available to

developing tissues through the combinatorial expression and use of different protein isoforms,
and also offers insights beyond the Drosophila arena. The human homologs ETS1 and ETS2,
although encoded by separate genes, show intriguing structural and functional parallels to the

Drosophila PntP2 and PntP3 isoforms (Wasylyk et al., 1997; Watson et al., 1988). For example,
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ETS1 and ETS2 have distinct sequences at the N-terminal end of the conserved transactivation
domain, similar MAPK responsiveness, and overlapping but not identical functions and
expression patterns (Albagli et al., 1994; Wasylyk et al., 1997). Given these striking parallels,
continued exploration of the molecular mechanisms underlying Pnt-mediated transcriptional
responses may provide new insight into signaling robustness and specificity in mammalian

systems.

2.6 Materials and Methods

2.6.1 Drosophila strains

From the Bloomington Drosophila Stock Center: Lz-Gal4, pnt*®3, pnt'?’’, FRT82b, egfi<°.
Additional strains: ro-GAL4 (Mavromatakis and Tomlinson, 2013), Sev-yan?‘? (Rebay et al.,
2000), /573 (Karim et al., 1996), ey-FLP; act-Gal4, UAS-GFP/CyO, FRT82b, tub-GALS80/TM6B
(a gift of Wei Du, University of Chicago, IL, USA), UAS-flag-pntP2, UAS-flag-pntP3, GFP-
PntP3, pnt”?, pnt”3, pnt"?P? (this work). Flies were cultured at 25°C unless otherwise indicated.
For further details of Drosophila strains and genetics, see the supplementary Materials and

Methods.

2.6.2 Temperature stress

Following the experiment published by Li et al 2009 (Li et al. , 2009), flies of the relevant
genotypes were crossed at 25°C and transferred to fresh bottles daily. Cultures were maintained

at 25°C until larvae reached early third instar, shifted to 31°C for 16—24 hr, and then subjected to
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seven to ten rounds of temperature cycles. Each round consisted of a shift to 18°C for 2 hours
followed by 31°C for 1.5-2 hours. At the completion of the final round, the late third-instar
larvae were returned to 25°C and then retinas were dissected from eclosed or pharate adults.

Bottles were incubated in air-circulating incubators for each temperature step.

2.6.3 Transcription assays

2.25x10% Drosophila S2 cells were transfected with 100 ng of 6X-ETS luciferase reporter
construct, 100 ng of PntP2/pMTHA or 100 ng of PntP3/pMTHA, 20 ng of actin >Renilla
luciferase, and if applicable, 5 ng of RasV!?/pMT. For further details of transcription assay

experiments, see the supplementary Materials and Methods.

2.6.4 Immunohistochemistry and microscopy

Eye-antennal and wing imaginal discs were fixed in 4% paraformaldehyde (PFA) for 10 min. For
adult retina staining, decapitated adult heads were fixed in 4% PFA for 20 min, and then the
dissected retinas were post-fixed in 4% PFA for 10 minutes. Primary and secondary antibodies
were incubated overnight at 4°C. For antibody details, see supplementary Materials and
Methods. Imaging was performed with a Zeiss LSM 880 confocal microscope, using 0.8 to 1.0
um steps and projecting maximally through the desired tissue unless otherwise noted. To image
adult eyes and wings, decapitated heads and dissected wings were imaged with a Canon EOS
Rebel camera fitted to a Leica stereo microscope. Individual slices were merged using iSolution-

Lite software (IMT-Digital).

2.6.7 Quantitative reverse transcription PCR (RT-qPCR)
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Total RNA was extracted from 60 pairs of late 3 instar eye-antennal or wing discs for cDNA
synthesis. qPCR was performed using the iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories) on a 7300 Real-time PCR Machine (Applied Biosystems). Subsequent
disassociation analysis was performed with 7300 system software to confirm the sequence
specificity of the reaction. For further details of RT-qPCR and primers used, see the

supplementary Materials and Methods.

2.6.8 CRISPR/Cas9-mediated generation of pnt mutants

Genomic DNA containing the pntP2 or pntP3 specific exon regions was amplified by PCR.
After insertion of stop codons and deletion of coding sequence, the fragments were inserted into
pHD-Scarless (generated by O'Connor-Giles laboratory, Drosophila Genomics Resource Center,
1364; Gratz et al., 2013). The resulting templates were confirmed by sequencing. Guide RNAs
were subcloned into the pU6-Bbs1 chiRNA plasmid (Addgene, 45946; Gratz et al., 2013). Each
template (300 ng/uL) and the two guide RNAs (75 ng/uL), were injected into a GFP/ RFP-
negative vasa-Cas9 strain (a gift from Rick Fehon). To generate pn#”’P3, the template and guide
RNAs used to generate pnt”’> were injected with nanos-Cas9 plasmid (a gift from Rick Fehon,

]118’ and

(Ren et al., 2013)) into the pn#”3 strain. Go adults were crossed individually to w
transformants were identified by 3X-Pax-RFP expression in the eyes of the F1 progeny. The 3X-
Pax-RFP piggyBac cassette was excised, and RFP-negative progeny were crossed to 7TM6B to
establish stocks. The alleles were confirmed by restriction digest and sequencing. For further

details and sequences of the CRISPR templates and guide RNAs, see the supplementary

Materials and Methods.

2.6.9 Fluorescence In situ hybridization (FISH)
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DNA probes conjugated with NHS ester-ATTO 633 fluorophore were used to target specific
exons of pnt isoforms. Dissected eye discs from white pre-pupae were fixed in 1% PFA,
dehydrated with methanol, and incubated with probes at 62°C. Imaging was performed with a
Zeiss LSM 880 confocal microscope, using 0.8 um steps and projecting maximally through the
tissue. Maximum projected images were analyzed with Fiji and Microsoft Excel. In all pair-wise
comparison of wild type vs. pnt mutant, discs from the two strains were dissected, processed and
imaged in parallel. For details of probes used, FISH protocol and image analysis, see the

supplementary Materials and Methods.
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Chapter 3 Thermodynamic Modeling and Quantitative
Measurements Support 3 Layers of Cooperativity in Cis-regulatory
Logic

Chudong Wu, Zhiyue Lu, Aaron Dinner and Ilaria Rebay

CW, ZL, AD, and IR conceptualized the idea. ZL and CW worked out the equations and code

together. CW carried out all the tests and made the figures. CW and IR wrote the draft.

3.1 Introduction

3.1.1 Cis-regulatory modules (CRMs) organize activating and repressing transcriptional inputs

For reliable recruitment of diverse cell fates during development, gene expression must be
regulated in a spatiotemporally precise manner that is robust to environmental or genetic
variation. Robust and precise gene expression is achieved through the combined activating and
repressing inputs from TFs organized by gene regulatory elements; I will refer to these as cis-
regulatory modules (CRMs). Each CRM is defined by a unique cluster of TF binding sites, the
sequence of which determines the specific cis-regulatory syntax (namely, the number, affinity,
position, spacing and orientation of the binding sites). Despite the ease with which CRMs can be
identified, the intrinsic logic of the cis-regulatory syntax and how it organizes the interactions

between TFs and DNA, and between TFs, is poorly understood.

The direct interaction between TFs and DNA is through the DNA binding domain of the TFs,
and thus TFs are grouped into different families based on type of DNA binding domain (Lambert

et al., 2018). The DNA binding domains in TFs from the same family all share a conserved
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structural fold and can recognize similar, if not identical, DNA sequence in vitro. Despite this
shared DNA binding capability, protein paralogs from the same family nevertheless execute
distinct functions in vivo (Weirauch et al., 2014). For example, swapping the DNA binding
domains between two closely related homeobox TFs led to severe homeotic transformation
(Mann et al., 2009). Thus, studies have focused on resolving the paradox of how TFs with

similar DNA binding capability exert different biological functions.

Clusters of TF binding sites with differential binding affinities combined with homo- and
heterotypic protein interactions contribute to resolving the specificity paradox. In eukaryotes, the
length of individual TF binding sites is relatively short with an average of 10 bp (Stewart et al.,
2012). Thus a cis-regulatory module ranging from 100-1000 bp always contains clusters of TF
binding sites (Gupta and Liu, 2005). Besides the optimal strong affinity binding sites, high
throughput experiments and computational modeling have identified weak affinity sites (Le et
al., 2018; Ruan et al., 2017; Stormo et al., 2015), which are suggested to be essential to modulate
TF specificity (Kribelbauer et al., 2019). For example, an inverse correlation between binding
site affinity and specificity was revealed for Hox protein binding sequences such that clusters of
weak affinity sites were best discriminated, while strong-affinity sites could be bound by
different Hox factors (Crocker et al., 2015). Using experimental manipulations, the authors found
that loss of individual weak-affinity sites resulted in reduced and more variable expression under
conditions of genetic and environmental variations, while mutations converting the weak-affinity
sites to strong-affinity sites led to ectopic expression (Crocker et al., 2015). Thus clustered
multiple weak-affinity sites permits the cooperative and additive interactions needed for robust

expression without compromising specificity.
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As another example, multiple weak-affinity Cubitus interruptus (Ci) sites enabled gene activation
in response to low Hedgehog (Hh) signaling whereas engineered strong-affinity sites caused Ci
to behave as a repressor, such that gene activation became restricted to regions of maximal Hh
signaling (Ramos and Barolo, 2013). Hh signaling forms a gradient in the Drosophila wing disc;
in the presence of high Hh signaling, its transcriptional effector Ci functions as an activator,
while in regions of low signaling, Ci is cleaved to be a transcriptional repressor (Méthot and
Basler, 1999). A repressor cooperativity model in which Ci protein cooperatively interacts when
it acts as a repressor but not when it is an activator, was developed to explain the transition from
repression in the region of low signaling to activation at the region with high signaling (Parker et
al., 2011; Ramos and Barolo, 2013). With cooperativity, Ci repressor may still gain binding
preference over Ci activator even when it is at the same or lower concentration than the activator.
Activation can only happen when the concentration of Ci activator reaches the threshold. At the
boundary of threshold, although there may be substantial amounts of Ci repressor, exploiting
weak affinity sites instead of high affinity sites can attenuate the effects of cooperative repression

and permit gene activation (Parker et al., 2011).

Besides homotypic protein cooperation, heterotypic protein cooperation or competition also
contributes to expression specificity. The enhancers, and the TFs that bind them to control
anterior-posterior, dorsal-ventral patterning during early embryonic development are well
characterized and have provided good systems to study how CRM syntax influences expression
regulation (Papatsenko et al., 2002; Papatsenko et al., 2009). The work has defined broad general
requirements for the cis-regulatory syntax to organize a) the interactions between strong/weak
binding sites and TFs, b) the cooperativity between TFs, and c¢) the competition between TFs.

How these principles are applied and interpreted at enhancers that regulate specific signaling-
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induced cell fate transitions later in development needs further exploration. The example my
thesis work has focused on is an enhancer within the eve locus that relies on cooperative
activating inputs from Pnt, Mad, Tin, Twist and dTCF to induce a specific Eve+ cardiac cell type

(Halfon et al., 2000).

3.1.2 The muscle heart enhancer (MHE) organizes the interactions of Yan, Pnt and other TFs to

regulate even-skipped (eve) expression

The Drosophila ETS repressor Yan and activator Pnt, which recognize and bind competitively to
similar DNA sequences but exhibit different binding site preferences, are great example to
investigate the syntax rules. The core motif recognized by ETS factors is 5'-GGAA/T-3".
According to the different flanking sequences around the core motif, the ETS binding sites can
be separated into strong- and weak-affinity sites in accordance with the binding preferences
identified for fly, human, and mouse ETS family TFs (Boisclair Lachance et al., 2018; Charlton-
Perkins et al., 2011; Nitta et al., 2015; Webber et al., 2013a; Wei et al., 2010). As ETS factors,
Yan and Pnt recognize the same core motif and thus directly compete for the binding sites.
However, their preferences for the flanking sequences around the core motif are different (Fig
3.1) based on high throughput SELEX (Nitta et al., 2015). These distinct preferences explain in
vitro gel shift assay results that showed that Yan and Pnt could bind to the same DNA probes but
with different binding strengths (Halfon et al., 2000; Xu et al., 2000). This suggests that the
respective Yan and Pnt preference for strong vs. weak sites may be different, offering a
mechanism for cis-regulatory syntax to bias Yan-Pnt competition to achieve correct

transcriptional output.
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In vivo, RTK signaling modulates Yan and Pnt competition by directly regulating Yan and Pnt
activity. When pathway activity is high, Pnt activity is high and Yan activity is low, whereas
when RTK activity is low, Yan activity is low and Pnt activity is high (O’Neill et al., 1994;
Rebay and Rubin, 1995). Thus, in addition to the different intrinsic DNA binding preferences
influencing their activity at specific CRMs, the competition between Yan and Pnt is also

sensitive to the level of RTK activation.
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(Fig 3.1 continued) Based on high throughput SELEX (Nitta et al., 2015), the image indicates the
core motif of the ETS sites (green line underlined) and the flanking sequences around the core
motif. The sizes of AGCT represent their relative preferences at the position. The percentage
preferences of AGCT at each position are labeled. Only the ones > 1% are labeled. The core
sequence is the same for Yan and Pnt but their flanking sequence preferences are different.

In addition to different sequences biasing Yan-Pnt competition at each individual ETS site, the
cis-regulatory syntax must also accommodate Yan self-association, which will further influence
Yan and Pnt occupancy patterns. Unlike Pnt, Yan and its human counterpart, TEL1, self-
associate via their sterile o motifs (SAMs) and this SAM-SAM interaction is critical for
transcriptional repression (Qiao et al., 2004; Zhang et al., 2010). Although the exact mechanism
of how this interaction contributes to repressive function is uncertain, it has been suggested that
self-association could mediate cooperative binding to the ETS sites in CRMs (Green et al., 2010;
Hope et al., 2017). Using gel shift assays, SAM-SAM interactions were shown to mediate
cooperative binding of TEL1 at paired ETS sites in vitro (Green et al., 2010). Theoretical
modeling demonstrated a similar mechanism whereby the self-association ability promotes the
preferential cooperative recruitment of Yan to tandem ETS sites (Hope et al., 2017). Therefore
strong affinity ETS sites in close proximity may bias Yan-Pnt competition toward Yan, leading

to repression of target gene transcription, while multiple weaker affinity sites spaced at a

distance may bias toward Pnt and transcriptional activation.

The eve muscle heart enhancer (MHE), which contains a cluster of strong and weak ETS sites
bound by Yan and Pnt, as well as binding sites for other transcriptional activators, is well
characterized. The MHE is both necessary and sufficient to induce even-skipped (eve)

expression during cardiac muscle precursor specification at stage 11 of embryogenesis (Halfon et
al., 2000; Knirr and Frasch, 2001). Two other enhancers, D1 and D2, contribute to robustness

Webber et al., 2013b), but their cis-regulatory syntax has not yet been characterized.
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Focusing on the MHE, besides the eight ETS sites, there are 13 Mad, Twist, Tin and dTCF sites,
which organize the interactions of the TFs (Carmena et al., 1998; Carmena et al., 2002; Halfon et
al., 2000). Among the eight ETS sites, a pair of strong affinity sites strongly bias toward Yan,
such that mutating them significantly elevated the MHE reporter expression, as a result of
compromised repression (Boisclair Lachance et al., 2018). Mutation of this strong affinity pair in
the endogenous eve MHE reduced the recruitment of Yan not only at MHE but also at D1 and

D2, suggesting loss of long-range cooperative Yan interactions across the eve locus (Boisclair

Lachance et al., 2018).

In additional to the cooperative Yan-Yan and antagonistic Yan-Pnt interactions, there is also
evidence for heterotypic cooperativity among other activating TFs in MHE regulation. For
example, mutating an ETS site along with a dTCF site led to a synergistic decrease in MHE
reporter expression compared to individual mutation of the two sites (Halfon et al., 2000),
suggesting cooperativity between the two. While experimental manipulation of a CRM coupled
with quantitative measurement of expression changes is well-suited to defining the critical TF
inputs, uncovering the “rules” that integrate the different combinations of TF-DNA and TF-TF
interactions to produce the final expression output is a much more challenging endeavor, and

better suited to a mathematical modeling approach.

Therefore to investigate how the CRM syntax in the eve MHE organizes the repressive and
activating inputs from Yan and Pnt, and their interactions with other transcription factors, we
developed a thermodynamic model that relates transcription factor occupancy to gene expression
output. The modeling effort was inspired by predictions of multiple scales of Yan-Yan

cooperativity that emerged from our earlier in vivo quantification of the changes in MHE driven
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expression that result from mutation of individual and combinations of ETS sites (Boisclair
Lachance et al., 2018). By comparing the simulation outputs with the experimental
measurements, we tested multiple hypotheses about how the MHE cis-regulatory syntax
organizes local and long-range transcription factor interactions to achieve the final
transcriptional output. We uncovered that the respective contributions of strong- and weak-
affinity sites to repression and activation. Both are mediated by long-range interactions directly
or indirectly. On top of these ETS site based interactions, our model also suggested that the
heterotypic interactions between Pnt and the other transcription activators permits more precise
gene activation, such that activation only occurs within a narrow range of Yan and Pnt
concentrations. We propose that the cis-regulatory syntax of the MHE encodes two layers of
regulation. The first layer encompasses the short, medium and long-range interactions by which
the ETS sites organize the activating and repressive inputs from Pnt and Yan, and then the
second layer consists of heterotypic interactions with the other transcription effectors that

modulates output to confer precise gene activation.

3.2 Results

3.2.1 Formulation of the model

We set out to develop a thermodynamic model of transcriptional output dictated by the
recruitment of Yan and Pnt to MHE. There were two major requirements of the model: firstly, it
needed to consider all possible occupancy patterns of Yan and Pnt at chemical equilibrium on the
MHE; and secondly, it needed to calculate transcriptional output based on occupancy state. The
first step was developed from a previous model of Yan binding to an artificial enhancer
composed of a lattice of ETS sites (Hope et al., 2017). We revised the model to represent the

ETS syntax of the 312bp eve MHE. Thus the eight identified ETS binding sites were defined as
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specific sites and all other sequence was defined as non-specific binding sites for an ETS factor.
Based on the footprint of the ETS DNA binding domain of TEL, we defined each binding site,
specific or non-specific, as ~10bp (De et al., 2014; Fig 3.2A, B). As the spacing between ETS8
and ETS7 is 153bp, or ~15 non-specific binding sites, to simplify the calculation, we considered
the MHE as two separate elements: the sequences from ETS1 to ETS7 defined a consecutive 14
site element with 7 specific and 7 non-specific sites while ETS8 defined a second simpler

element with one specific site ETS8 isolated from the first element.

To calculate the fractional occupancies of Yan and Pnt, the model considered the specific and
non-specific protein-DNA interactions for both Yan and Pnt, and SAM-mediated protein-protein
interactions for Yan (Fig 3.2C; 3.4 Materials and methods). diyan and opne represented the
respective free energy value of Yan and Pnt specific binding to ETS sites, Byan and Bpnt
represented the respective free energy value of Yan and Pnt binding to non-specific sites, and
Yyan represented the free energy of a Yan-Yan interaction via the SAM domains when two Yan
molecules were bound on adjacent sites. As Yan self-associated, each adjacent Yan molecule
contributed an additional increment of yyan. As a function of the free energy change, and Yan and
Pnt concentrations, the fractional occupancy of a microstate, which is a pattern of Yan and Pnt

occupancy across MHE, could be calculated.

The second step was to translate fractional occupancy to gene expression. To do this we
incorporated the concept of a basal transcription complex (BTC) (Parker et al., 2011), in which
BTC represents a factor whose occupancy at the gene is necessary and rate-limiting for
transcription but is not related to any specific molecule or complex (Fig 3.2C; 3.4 Materials and

methods). In this way gene expression output was considered proportional to the probability of
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BTC binding, which in turn was determined by the Yan-Pointed occupancy of each microstate.
As Yan is a transcriptional repressor, the interaction between Yan and BTC reduced the
probability of BTC recruitment. Therefore, each Yan molecule bound at MHE contributed a
positive free energy myan to BTC binding. In contrast, each bound molecule of the activator Pnt
contributed a negative free energy ®pntto enhance BTC binding. The occupancy of BTC as a
function of the free energy represented proportional gene expression. Using this framework, we
compared gene expression driven by wildtype MHE versus MHE carrying specific ETS site

mutations (further details in Materials and methods).
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Fig 3.2 Lattice thermodynamic model for Yan and Pnt binding at MHE at equilibrium

A) MHE sequence with putative ETS sites in red. Black arrows indicate site orientation.
Previously characterized binding sites for the activators Mad, Twi, Tin and dTCF sites (Halfon et
al., 2000) are underlined. B) Conceptualized lattice representing MHE. Each square represents an
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(Fig 3.2 continued) ETS specific/nonspecific binding site with a footprint of ~10bp. Red ones
represent the specific sites and the numbers correspond to the ones in A. Black ones represent the
ETS non-specific DNA. The two elements in the linear model were indicated. C) Yan and Pnt
molecules compete for individual binding sites, and BTC binds to a separate position to initiate
eve transcription. The binding of BTC is stabilized by Pnt and destabilized by Yan, and the
fractional occupancy of BTC represents relative transcription. The bottom panel demonstrates
microstates of Yan/Pnt binding at the ETS specific/non-specific sites and the corresponding free
energy for the microstate to the right.

MHE Reporter (A.U.)
5k

WT mut1 mut2 mut3 mut4 mut5 mut6 mut7 mut8 mut23 mut238

S 3.1 Fig A summary of the changes of MHE reporter expression driven by ETS site
mutations

The expression of MHE wildtype and ETS mutant reporters from previous published
experiments are summarized (Boisclair Lachance et al., 2018). The table on the top indicates
either increased (green arrows) or decreased (red arrows) transcription of the corresponding
mutants comparing to the MHE wildtype reporter expression. The width of the arrow indicates
the amount of decrease/increase of transcription. MHE™23 showed the largest increase of
transcription, while MHE™'2 and MHE™® showed smaller increase; MHE™238 and MHE™t6
showed relatively large decrease of transcription while MHE™!, MHE™* MHE™, and
MHE™ showed smaller decrease.

3.2.2 Parameterization and implementation of the model

To calculate the fractional occupancy of both Yan and Pnt, we upgraded the binary notation
scheme for ordering microstates from our earlier Yan occupancy study (Hope et al., 2017).
Originally when only Yan was considered, each microstate was assigned an integer index k,

where k is a value from 0 to 2"-1. n represents the total number of binding sites including the
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ETS sites and the non-specific ones. This binary representation reflected the molecular
configuration of the microstates and also increased the computation efficiency. Thus we
continued the utilization of the binary system, but to include Pnt we doubled the number of
microstates to 22, from 0-2%%!, The first half were microstates with only Yan and the other half
added Pnt. To consider the molecular configuration, the n+1% to 2n™ binary digits also
represented the n binding sites, just as the 1" to n™ binary digits. The n+1% to 2n'" binary digits
indicate the binding of Pnt whereas as the 1" to n' binary digits indicate the binding of Yan.
Because Yan and Pnt cannot occupy the same site at the same time, the microstates with the
binary digits showing co-occupation of Yan and Pnt were assigned an infinite positive energy,

such that the fraction of those microstates were zero.

To begin our calculation, we used the literature to parameterize the model with reasonable
values. Although there are no biochemical measurements of Yan’s and Pnt’s specific or non-
specific binding to DNA, considering the conservation of the ETS domain, we firstly assigned
the Otyan, PByan, Olpnt, and Bpne values according to the affinities measured for the human homolog
of Yan, TEL1 (De et al., 2014). Thus olyan and Byan Were set to -9.955 and -5.797 kcal/mol,
respectively. apne and PBpnt Were adjusted to be specific folds of ayan and Pyan respectively. Yyan
was set to -7.000 kcal/mol according to previous direct measurement of Yan’s SAM-SAM
affinity (Qiao et al., 2004). Regarding the nuclear concentration of Yan and Pnt, as there were no
published measurements, we set the concentration range to be 0.1 to 1000nM based on
measurements of other TFs (Biggin, 2011). A table to summarize the parameter values is in 3.4

Materials and methods.
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Interestingly, our initial calculations using the simplest model in which otyan equals to opnt, and
Byan equals to Bpnt, showed that when the concentration of Pnt was at the physiological range
(0.1-10*nM) and the concentration of Yan was low (0.5nM), the fractional occupancy of Yan at
all sites on MHE was always much higher than that of Pnt. This meant that expression would
always be repressed (S3.2 Fig), an output that was obviously physiologically incorrect. This
suggested that our calculation for yyan Was over-emphasizing the contributions of Yan-Yan
interactions. Because the ETS non-specific DNA contains specific binding sites for other
transcription factors that are highly expressed in Eve-positive cells (Boisclair Lachance et al.,
2018; Halfon et al., 2000), we reasoned that these DNA sites were likely inaccessible to Yan and
Pnt. Therefore, we assigned Byan and Bpnt to be equally so small that the fraction of microstates
with Yan or Pnt bound at the nonspecific DNA would be minimal. This permitted gene
activation at the high concentrations of Pnt and low concentrations of Yan within the

physiological range (S3.3 Fig B).
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S 3.2 Fig. Yan and Pnt fractional occupancy map for the simplest linear model

Yan and Pnt’s fractional occupancy at ETS specific/nonspecific sites at a broad range of Pnt
concentrations from 5e-10 to 2e-5 M and Yan concentration of 5e-10. All plain lines represent
the fractional occupancy of Pnt and lines with indicators represent the occupancy of Yan.
Different colors represent ETS specific/nonspecific binding sites in Fig 3.2B. As Pnt
concentration increased, the fractional occupancy of Pnt at each site also increased accordingly
whereas that of Yan decreased. Only when Pnt concentration reached ~8e-6 and above, there
were sites at which the occupancy of Pnt outcompetes that of Yan.

3.2.3 Long-range cooperativity of strong-affinity ETS sites confers robust MHE transcriptional

repression

3.2.3.1 Sufficiency of the long-range cooperation for MHE repression

We then used the model to explore how the cis-regulatory syntax of MHE organizes the

repressive and activating transcriptional inputs from Yan and Pnt. We modeled different
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combinations of ETS site mutations and compared the transcription output predictions from our
simulations to the experimental measurements (Boisclair Lachance et al., 2018). To start we
tested the importance of binding affinity differences between the ETS sites by considering an
MHE with eight identical ETS sites as a linear array. Suggesting the importance of affinity
differences, the homogeneous model failed to predict the experimental results for most ETS site
mutants (Fig 3.3A, S3.3A Fig). For example, zooming in to the concentration range of low Yan
and high Pnt that permits eve gene activation (S3.3B Fig), the model predicted that individual
mutation of MHE ETS sites 2-7, referred to as MHE™> — MHE™", would increase
transcriptional output relative to MHEYT while individual mutation of ETS1 or ETS8 would
reduce output. Comparison to prior in vivo reporter measurements showed agreement only with
MHE™, Further discordancy between model prediction and experimental measurement was
noted for multi-site mutations. Most striking was with MHE™23_ where the model predicted
minimal change but experimental measurements had found a strong increase in expression. In
considering why the model failed, we noted than any single ETS site mutation that disrupted one
of the three ETS pairs (ETS2-ETS3, ETS4-ETSS5, and ETS6-ETS7) equally increased
transcriptional output. However in vivo, only disruption of the ETS2-ETS3 pair derepresses.
This suggested that by considering all ETS sites identical in a simple linear array, the model was
overestimating the contribution of cooperative repression at ETS4-ETS5 and ETS6-ETS7 and
underestimating the contribution at ETS2-ETS3. In addition, mutation of the non-paired sites,
MHE™ ! and MHE™*®, produced similar reductions in transcriptional output in silico, but

opposing reduction or increase in outputs in vivo.

We attempted to correct these problems by categorizing sites as strong-affinity (ETS2, 3 and 8)

and weak-affinity (ETS1, 4, 5, 6, 7) in the model. To start we assigned the DNA binding affinity

125



for the weak sites (aw) to be 1/10 that of the strong sites (as) and then repeated the calculations
with the same set of ETS mutations. The results showed that only the pair of strong sites (ETS2-
ETS3) now contributed to repression, bringing simulation and experiment in closer agreement.
Thus either MHE™ 2 or MHE™S increased transcription while mutation of any individual weak
site participating in the ETS4-ETSS5 or ETS6-ETS?7 pairs had no effect on transcriptional output
(Fig 3.3B). However ETS8, now a strong affinity site, still contributed to activation, not to
repression as predicted by in vivo measurement. Making ow to be 1/5 and 1/100 folds of the

strong sites resulted in the same trend of transcriptional changes (data not shown).

Up until this point our simulations assumed identical DNA binding affinities between Yan and
Pointed with respect to all sites. We therefore asked whether biasing Yan and Pnt binding
towards sites with differential affinities might improve the model’s ability to discriminate
between strong and weak site contributions to gene transcription. Based on prior work suggesting
that strong sites contribute more to repression and weak sites more to activation, we assigned
Yan stronger affinity toward the strong sites and Pnt stronger affinity toward the weak sites
(Olyan-§ >Olpnt-S >Clpnt-W >0lyan-w), With the strong-affinity of Yan 5 fold that of Pnt at strong sites,
and the weak-affinity of Pnt 5 fold that of Yan at weak sites. Here strong-affinity of Yan (0tyan-s)
and weak-affinity of Pnt (apne-w) equaled to the respective strong and weak affinities assigned to
binding sites in the Yan and Pnt non-biased model described in the last paragraph. We
introduced the two new parameters oipnt-s and opnt-w to fit the 10 MHE mutants. The results of
our calculations showed that with the introduction of Yan-Pnt bias toward strong versus weak
sites, mutation of any individual weak site now produced the experimentally predicted reduction

in transcriptional activation, although the strength of deactivations produced by the mutation of
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weak sites in simulation were weak comparing to the strong derepression from the strong site

mutations (Fig 3.3C).

This final model (Fig 3.3C) left us with three remaining points of disagreement between
simulation and experiment (Boisclair Lachance et al., 2018), all centered around mutation of the
strong sites ETS2, 3 and 8. First, the model predicted that mutation of ETS3 should increase
output, whereas in vivo no significant change was measured. Second, the model predicted that
mutation of ETS8 should decrease output, whereas in vivo this causes a significant increase.
Third, although the model correctly predicted the increased expression resulting from the double
mutant MHE™23_ it failed to predict the reduced expression measured for the triple mutant
MHE™238 Because two of these failures involved ETS8, we wondered whether by
conceptualizing MHE into two separate linear elements, with ETS8 completely isolated in the

second element, we were missing cooperative regulatory interactions critical to repression.
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S 3.3 Fig Expression change and wildtype MHE expression across the whole range of Yan

and Pnt concentrations

A) The color indicates the expression of mutant reporter (E(mut)) subtracting the expression of
wildtype reporter (E(WT)), and thus the color from grey to black indicates reduced transcription
whereas the color from red to yellow indicates increased transcription. The expression change

across the whole tested physiological concentration of Yan and Pnt for mutl and mut4 as

representatives. The white squares are the zoomed-in crop of high concentrations of Pnt and low
concentrations of Yan in Fig 3.3 and the following main figures. B) The expression levels of
MHE wildtype reporter across the whole tested concentrations. The color from black to yellow
represents the gene transiting from fully repressed state to fully activated state. The white square
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(S 3.3 Fig continued) indicates the range of Pnt and Yan concentrations where the gene is likely
to be activated, in the zoomed-in pictures.

The discrepancy for MHE™® between the model predictions and the experimental results
motivated us to consider the spatial arrangement of MHE ETS sites from a 3D perspective. The
two-element models above took MHE as a linear DNA sequence in which cooperative
interactions can only occur between proteins bound to adjacent sites. However in reality
DNA/chromatin is not a simple linear structure. The persistence length of DNA, within which
the molecule is rigid and unlikely to bend, is 150bp (Manning, 2006). The MHE sequence
spanning the first seven ETS sites, ETS1-7, is less than 150 bp and so can be considered as a
linear element. However the spacing between ETS7 and ETS8 is 153 bp, meaning that with
DNA bending, interactions between one Yan molecule bound to ETS8 and another bound to a

site within ETS1-7 element are theoretically possible.

We considered two possibilities for such non-linear interactions. In the first scenario we assumed
DNA bending would put ETSS in close proximity to the strong affinity ETS2,3 pair. Because
Yan occupancy dominates at strong affinity sites, this physical configuration will introduce
additional y energy from Yan self-association. For example, in a microstate in which ETS2 and
ETS8 are both bound by Yan, in a purely linear model they would be too far apart for SAM-
SAM interactions and so y would be set to zero. However with DNA bending, SAM-SAM
interactions become possible, and so Y now contributes to the free energy calculation of this
microstate. Under these assumptions, individual, double or triple mutations involving ETS sites
2, 3 and 8 all increased transcription output (Fig 3.4A). For the cooperativity among 2, 3 and 8§,
considering that from the experimental results ETS2 contributed strongly to repression while

individual ETS3 had nonsignificant impact, we expected that ETS8 was biased towards
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interacting with ETS2. With the bias, the simulation showed that MHE™* had more increased
expression than that of MHE™®, To further distinguish the impact of the characterization of
strong and weak sites, and the long-range cooperativity among ETS2, 3 and 8, we only kept the
cooperativity but considered all ETS sites containing the same binding affinities. The
cooperativity was sufficient for ETS2, 3 and 8 contributing to repression and ETS1, 4-5, 6-7
contributing to activation, even without the distinct between strong and weak sites (Fig 3.4B). To
consider the strength of activation and repression, the introduction of the nonlinear cooperativity
weakened the repression but changed the strength of activation minimally, adjusting the balance

between repression and activation (Fig 3.3BC, 3.4AB).

In the second scenario we considered the possibility that ETSS interacts with weak-affinity sites.
We found that if ETS8 was in close proximity to ETS4 and ETSS5, the two weak-affinity sites
now contributed to transcriptional repression (Fig 3.4C) in contradiction to the experimental
results. The same results were obtained when ETSS interacts with the pair of ETS6 and ETS7.
Summarizing from our tests of different spatial interactions between the ETS sites, we conclude
that the physical proximity of ETS8 to ETS2 and ETS3 allows these three strong-affinity sites to

form a strong repressive complex across the enhancer.
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(Fig 3.3 continued) All images represent the relative expression change between wildtype and
mutant MHE reporters. The color indicates the expression of mutant reporter (E(mut))
subtracting the expression of wildtype reporter (E(WT)), and thus the color from grey to black
indicates reduced transcription whereas the color from red to yellow indicates increased
transcription. All images are zoomed-in to the high Pnt concentration and low Yan concentration
state of the full range of tested concentrations (S3A Fig). All the tables below the images
indicate either increased or reduced transcription of the corresponding mutants, and compare the
simulation results to experimental ones from previous publication (S1 Fig;(Boisclair Lachance et
al., 2018)). All the images are for the linear configuration model in which ETS8 was isolated
from the element containing ETS1 to ETS7. A) When all ETS sites were assigned identical
Yan/Pnt DNA binding affinities, all paired ETS sites (2 and 3, 4 and 5, 6 and 7) contributed to
repression while the isolated siteds (1 and 8) contributed to activation. B) When there was a
distinction between strong-affinity sites (2, 3 and 8) and weak-affinity sites (1, 4, 5, 6 and 7), the
paired strong sites ETS2, 3 contributed strongly to repression, the isolated strong site ETS8 and
weak site ETS1 contributed to activation at different strengths, and the paired weak sites ETS4,
5, 6 and 7 contributed neither activation nor repression. C) When Pnt and Yan preferred weak
and strong sites respectively, the paired strong sites ETS2, 3 contributed strongly to repression,
the weak sites ETS1, 4, 5, 6 and 7 contributed to activation, and the isolated ETSS8 contributed to
activation weakly.
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Fig 3.4 Cooperativity between high-affinity ETS sites 2, 3, 8 may produce strong MHE
transcriptional repression

All images represent the relative expression change between MHE wildtype and mutant
reporters. The representations of the color and the tables are as in Fig 3.3. A and B are images for
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(Fig 3.4 continued) the spatial interaction model with ETS8 in close proximity with the ETS23
pair, with bias towards ETS2. C are images for the model with ETSS8 in close proximity with the
ETS 45. A) When all the three strong sites ETS2, 3 and 8 were in close proximity, all strong sites
contributed strongly to repression and all weak sites contributed to activation. B) When there
was no distinction between strong and weak sites, with ETS2, 3 and 8 in close proximity, ETS2,
3 and 8 contributed to repression and ETS1, 4, 5, 6 and 7 contributed to activation. C) When
there was no distinction between strong and weak sites, and ETS8 was in proximity with ETS4,
5, we found ETS4, 5, 8 contributed to repression while the rest of the sites contributed to
activation.

3.2.3.2 The pair of overlapping MHE ETS2, 3 sites interact with ETSS through the self-

association of Yan

Our model emphasized the importance of collaborative interactions among the strong-affinity
sites ETS2, 3 and 8, prompting us to investigate further the molecular mechanism of the
interactions. Unlike the other ETS site pairs in the MHE, the ETS2 and ETS3 pair is composed
of two antiparallel GGAA/T cores immediately juxtaposed (Fig 3.1A). Both in vitro gel shift
assays and structural modeling showed that ETS2 and 3 were unlikely to be co-occupied
(Boisclair Lachance et al., 2018). If only one Yan molecule at a time can occupy the ETS2, 3

pair, how are the synergistic repressive functions of ETS2 and 3 achieved?

We hypothesized that physical proximity between Yan molecules occupying ETSS8 and the
ETS23 pair facilitates synergistic repression. To test this, we set a limit in our simulation that
forbade simultaneous occupancy of ETS2 and ETS3, i.e. only a single molecule of Yan or Pnt
was allowed to bind the ETS23 pair in any given microstate. If the hypothesis was true, we
expected that the one molecule limit would not change the repressive function of the strong sites.
Indeed, simulations showed that ETS2, 8 and 23 as a pair contributed to the transcriptional

repression of MHE expression, even with only one molecule at the ETS2, 3 pair (Fig 3.5A). The
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pairing of strong-affinity sites ETS23 may increase the probability of Yan occupation at the pair

so that there is always a Yan molecule available to interact with the Yan bound on ETS 8.

However, compared to the model when two Yan molecules were allowed to co-occupy ETS2, 3
(Fig 3.4A), the limit of one Yan molecule attenuated both the repression from ETS23 pair and
activation from ETS4, 5, 6, and 7 (Fig 3.5A). We speculated that the exact number of Yan
molecules forming a repressive complex at ETS2, 3 and 8 in vivo depends on the spatial position
of ETSS, such that although there is only one Yan molecule bound at ETS23 pair and another at
ETSS, there could be additional unbound Yan molecules associated with the two DNA-bound
Yan molecules. Further speculation about how this might contribute to formation of effective

repressive complexes is presented in the Discussion.

We hypothesized that SAM-mediated self-association of Yan mediates the non-linear
collaborative interactions among the three strong-affinity ETS sites. Self-association is critical
for the repressive function of Yan (Webber et al., 2013a), and that motivated us to test if Yan
self-association contributed to the repressive functions of ETS2, 3 and 8. To study this we set y =
0, effectively allowing only Yan monomers to occupy ETS site across the MHE. As a result, the
respective transcriptional repression and activation from the strong-affinity sites and weak
affinity sites both were lost (Fig 3.5B), indicating the importance of Yan self-association to the
transcriptional regulation mediated by strong- and weak-affinity sites. Furthermore, MHE™® and
MHE™23 showed reduced transcription in the Yan monomer background, indicating that losing
Yan self-association disrupted the repressive complex at ETS2, 3 and 8. This simulated result

t23

was in contradiction to the increased expression of MHE™® and MHEmut? in experiments

undertaken in a Yan wildtype background (Boisclair Lachance et al., 2018).
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We also compared the transcription driven by the wildtype MHE when Yan self-association was
allowed or prevented (Fig 3.5C). When Yan self-association was not allowed in the model,
transcription was activated at a broader range of Yan and Pnt concentrations, consistent with a
reduction in Yan-mediated repression. To validate these in silico results experimentally, I used
CRISPR/Cas9 engineering to introduce specific missense mutations in endogenous yan that

VI05R and

prevent SAM-SAM association. I generated two different Yan monomer alleles, yan
yan¥5P_ Then the intensity of GFP expression driven by the MHEWT and ETS site mutant

reporters in stage 11 embryos can be measured in these monomer mutants. Further discussion of

these planned experiments and their expected results can be found in Chapter 4.
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(Fig 3.5 continued) A and B are both from the model that strong site ETS2, 3 and 8 were in close
proximity with ETS8 being biased towards ETS2. A) When only one Yan/Pnt molecule was
permitted at the ETS23 pair, the strong sites ETS2, ETS8 and ETS23 as pair still contributed to
repression. Individual strong site ETS3 and weak site ETS1 contributed to activation.
Meanwhile, ETS4, 5, 6, 7 contributed neither repression nor activation as the corresponding
mutants showed minimal transcription changes. B) When Yan is a monomer mutant, all strong
and weak sites except the individual ETS8 or ETS23 pair lost contribution to both repression and
activation. Mut8 and mut23 showed reduced transcription, that should be test in my CRISPRed
Yan monomer mutants. C) The expression of MHE wildtype reporter in wildtype vs. Yan
monomer background. Yan monomer mutant showed a broader range of Yan and Pnt
concentration enabling gene activation.

3.2.4 Additional inputs through other transcriptional activators binding and the threshold of

total activators add another layer of regulation

3.2.4.1 Additional activating inputs from Mad/ Twist

Other transcription factors including Mad, Tin, Twi and dTCF have been identified to bind at
MHE (Boisclair Lachance et al., 2018; Halfon et al., 2000). Because all four are activators, to
simplify their incorporation into our model, we grouped them into a single category of extra
activators. The binding sites for these extra activators are at the non-specific DNA sequence for
ETS factors (Fig 3.1A). To simplify the calculation, our analysis only included the first element
of the MHE comprised of the sequence from ETS1 to ETS7 (Fig 3.6A). We incorporated the
DNA-protein interactions of the extra activators into the model by adding the term ®. ® is the
free energy value of specific DNA binding by these additional activators. Although there was no
direct measurements of the DNA-protein binding affinities of the extra activators, the known
homeobox proteins, the category of which Tin belongs to, were found to have 1/10 fold of the
DNA-protein affinity of TEL1 (De et al., 2014; Jung et al., 2018), and the SMADS proteins, the
category of which Mad belongs to, have weak DNA-protein affinity (BabuRajendran et al., 2010;
Hill, 2016). Therefore, we assigned 0 the value to be 1/10 of ETS specific binding. Regarding

protein-protein interactions, we were not aware of any direct interactions between Yan/Pnt and
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the extra activators from previous experiments, and so did not include them in the model. To
further translate the occupancy of extra activators to transcription, each bound activator
interacted with BTC the same way as Pnt did, thereby adding one wpn interaction with BTC for

each bound activator.

Although the extra activators didn’t affect the regulation from individual sites they disrupted the
synergistic repressive functions that depend on long-range interactions. Adding extra activators
didn’t show significant change of gene activation (Fig 3.6B), suggesting that in the model MHE
was predominantly controlled by Yan and Pnt binding at the ETS sites. Furthermore, as the
independence of the binding of Yan/Pnt and extra activators, the individual ETS site’
contribution to repression and activation also didn’t change (Fig 3.6C, 3.3B). However, the
double and triple mutants MHE™23 and MHE™238 showed unchanged and increased expression
respectively, indicating the repression from the complex of ETS2, 3 and 8 was disrupted. This
disruption might come from an indirect collaborative action for activation between the extra
activators and Pnt. This simulation result was inconsistent with the experimental one that the

expression of MHE™23 significantly increased (Boisclair Lachance et al., 2018).
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Fig 3.6 Adding extra activators disrupted the repression from the ETS23 pair

A) Conceptualized lattice representing MHE. Respective red and black squares represent ETS
specific and nonspecific binding site as in Fig 3.2B. ETSS is in close proximity to ETS23 pair.
Blue squares represent the binding sites for the extra activators. B) The expression of MHE (Fig
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3.6 continued) wildtype reporter in the background of without extra activators vs. adding extra
activators. Adding extra activators didn’t change gene activation. C) All images represent the
relative expression change between MHE wildtype and mutant reporters. Adding extra activators
didn’t change the contribution of ETS2, 3, 8 to repression and ETS1, 4, 5, 6, and 7 to activation.
However the repression from the ETS23 pair was lost.

3.2.4.2 Threshold of activator occupancy may switch MHE activation

To reconcile the conflict between the simulation and the experiments regarding the extra
activators, we proposed an activator threshold model to attenuate the activation. The threshold
model required that the activation occurred only when the number of activators including Pnt and
the extra activators bound to the DNA was above a threshold. Threshold responses in
transcription regulation was revealed in broad developmental context, particularly the
Drosophila embryo patterning (Ashe et al., 2000; Courey and Huang, 1995; Kringstein et al.,
1998; Stamataki et al., 2005; Struhl et al., 1989). For example, along the A-P axis of the
Drosophila embryo, a smooth gradient of transcription activator Bicoid establishes precise target
gene expression with sharp boundaries (Driever and Niisslein-Volhard, 1988; Gao and
Finkelstein, 1998). Directly illustrating the activation thresholds, uniform Bicoid expression at
low, medium and high levels induced target gene expression profile representative of distinct
positions along the A-P axis (Crauk and Dostatni, 2005). As MHE regulates eve transcription in

Drosophila embryo, the threshold mechanism could also apply.

In additional to the extra activator in consistency, another discrepancy between the simulation
and the experimental results about the MHE™23 also motivated the threshold idea. MHE™ 1238
showed strong increased of simulated transcription as the three strong-affinity sites contributed
to the formation of a strong repressive complex of Yan (Fig 3.4, 3.6), in contradiction to the

strongly decreased transcription in experiments. We hypothesized that such decreased
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transcription could be a result that transcription activators bound at MHE were below the

activation threshold.

To test this idea in our model, we set the threshold of the number of activators, only above which
the activators could facilitate the binding of BTC, and thus gene activation. We first tried setting
five as the threshold considering that MHE™"238 had only five remaining ETS sites. When the
threshold is five, as Fig 3.7 shown, all three strong-affinity sites strongly contributed to
repression while transcription of mut238 was much reduced, and all weak-affinity sites strongly
contributed activation, consistent with the experimental results. Additionally, adding the
activation threshold into the model achieved a more precise range of Yan and Pnt concentrations
for both repression and activation. That is consistent with the phenomenon that sharp boundaries

of gene regulation are found throughout development.
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Fig 3.7 Activator occupancy of more than 9 sites can activate MHE transcription

In the model, strong site ETS2, 3 and 8 were in close proximity with ETSS8 being biased towards
ETS2, and extra activators were added. A) When a threshold of five activators were required for
activation, strong sites ETS2, 3 and 8 contributed to repression strongly and at a precise
concentration range. Meanwhile weak sites ETS1, 4, 5, 6 and 7 contributed to activation strongly
and precisely. Losing three strong sites together also resulted in strong reduction of the
transcription.
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3.3 Discussion

3.3.1 Yan self-association organizes the 3D cooperation of the ETS sites for transcriptional

repression

By developing a thermodynamic model focusing on the ETS-binding motifs within a conserved
regulatory module, the eve MHE, we identified a cis-regulatory syntax to organize the repressive
and active inputs for transcriptional regulation. Based on comparisons between the modeling and
experiment results for multiple ETS mutants of the enhancer, we propose distinctive
contributions of the strong- and weak-affinity sites to transcriptional repression and activation. In
particular, we found the three strong-affinity sites collaborated to contribute strongly to the
repression. Mechanistically, although one of the strong-affinity sites, ETSS, is distant from the
other pair, our model suggested that Yan self-association facilitated their 3D interactions (Fig
3.8). The simulation showed that, the Yan monomer background lost the long-range interactions

of the strong sites and thus the repressive regulation was disrupted.

Regarding the transcriptional activation contributed by the weak-affinity sites, the interactions
among the three strong sites was surprisingly sufficient to control Pnt’s preference to the weak
sites despite the same DNA-protein binding affinities for Yan and Pnt. From a broad perspective,
we speculate that the non-linear interactions among the TF binding sites, potentially facilitated
by protein-protein interactions, are critical to organize transcriptional activation and repression

distinctively.
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Fig 3.8 Hllustration for MHE ETS?2, 3 and 8 cooperativity and the interactions for all the
factors involved

Green and orange circles represent Pnt and Yan molecules respectively. With the proximity of
the three strong sites ETS2, 3 and 8, the self-association (blue double-sided arrows) of Yan
facilitates the formation of a repressive complex. Although there was one Yan occupying the
ETS2, 3 pair and one Yan occupying ETS8, there can be Yan molecule(s) in the middle of the
two bound on DNA depending on the spatial arrangements of the ETS sites. Strong occupation
of Yan at the strong-affinity sites made Pnt prefer weak-affinity sites ETS 1,4, 5, 6 and 7. The
pink ovals represent extra activators binding at their specific sites. The binding of the extra
activators has impact on the occupancy of Yan and Pnt in an indirect way (yellow dash arrows).

Yan self-association may stabilize the interactions of ETS2, 3 and 8. Using ChIP-seq, it has
been revealed that the genome-wide recruitment pattern was quite similar between Yan monomer
and Yan wildtype (Webber et al., 2013a). However, it is worth noticing that the amplitude of
binding was reduced in the Yan monomer background despite largely unchanged recruitment,
suggesting the contribution of Yan self-association to stabilize occupancy (Webber et al., 2013a).
This is consistent with our model that the occupancy of Yan at the ETS sites was mainly driven
by the DNA-protein binding affinities whereas Yan self-association stabilized the binding of Yan
molecule bound at the neighboring sites. In particular, for ETS 2, 3 and 8, which are not linear
neighboring sites, Yan self-association may be key to maintain their spatial arrangements. To
experimentally test the proximity between ETS23 and 8, current ChIP-seq/qPCR is not at the

resolution to detect TF binding sites within an enhancer. Super resolution imaging for single
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molecule may be able to help virtualize the Yan molecules bound at ETS23 and 8 to reveal their

spatial relationship.

Fig 3.9 Hlustration for collaborative repssion from D1, D2 and MHE

MHE, D1 and D2 are indicated. For simplicity, among the TFs, only Yan molecules are
illustrated. Multiple Yan associates to form a repressive complex at the space of ETS23 and 8.
The repressive complex further associates with Yan molecules bound at D1 and D2. Blue
double-sided arrows represent Yan self-association.

The spatial arrangements of the three strong-affinity sites may determine the formation of the
repressive complex. Among the three sites, ETS2 and 3 are a pair, which are too close to permit
simultaneous occupancy of Yan (Boisclair Lachance et al., 2018). Our model indicated that such
configuration of ETS2 and 3 reduced but not disrupted the repressive regulation if ETSS still
interacted with the pair (Fig 3.4A). This immediate juxtaposition of ETS2 and ETS3 may
stabilize their interactions with ETS8. Speculating from the dynamics of Yan-DNA interactions,
the presence of two overlapping strong-affinity sites could promote stable occupancy of at least
one Yan molecule, which would associate with the Yan molecule bound at ETSS, by increasing
the chance that a newly dissociated Yan would immediately rebind. There may be more than two
Yan molecules within the space of ETS2, 3 and 8 depending on the dynamics of DNA bending
(Fig 3.7). Supporting this DNA bending idea, both the experimental (Boisclair Lachance et al.,

2018) and simulation results indicated that ETS8 biased towards interacting with ETS2. The bias

145



may be a result of the bending direction of the DNA, considering that the core consensus
sequence of ETS2 and ETS3 are in antiparallel. The dynamic DNA 3D structure and state can
modulate the strength of repression for spatiotemporal-precise transcription through allowing

different numbers of Yan molecules forming the repressive complex at the space.

3.3.2 The local cooperativity within MHE and Yan self-association facilitate the long-range

interactions of eve repressive CRMs

The strong self-associated Yan repressive complex organized by ETS2, 3 and 8 may facilitate
the cooperativity among multiple repressive CRMs. Four CRMs bound by Yan had been
identified: D1, D2, MHE and D4, and the long-range interactions among the first three CRMs
organized Yan occupancy at the elements and the repressive function of Yan (Webber et al.,
2013b). The mechanism of how the long-range interactions organize the Yan occupancy has not
been fully investigated. Associating the reduced Yan occupancy across the genome with the
collaborative repression among the three CRMs (Webber et al., 2013a), we speculate that Yan
self-association may facilitate such long-range interaction for repressive function. Focusing on
MHE, more speculatively, the ETS2, 3 and 8 interactions in addition to Yan self-association
facilitate the long-range cooperativity (Fig 3.9). Supporting this idea, MHE™?*> showed reduced
Yan occupancy at D1 and D2 (Boisclair Lachance et al., 2018). To further validate this
speculation, I CRISPRed a MHE™® allele and Yan monomer mutant alleles. We hypothesized
that like MHE mut23, MHE™® should also show reduced Yan occupancy at D1 and D2 and

similar reduction should be seen in Yan monomer mutants.
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3.3.3 Additional layer of regulation through the extra activators

Adding to the complexity of the regulation, additional activators interact with Yan and Pnt.
Genetic interaction assays have shown synergistic regulation by ETS and other activator binding
sites on MHE (Halfon et al., 2000). Losing ETS and other activator sites together resulted in
synergistic reduction of MHE-/acZ expression, suggesting cooperative activation. The molecular
mechanism of this cooperativity was unknown and there has not been any study to reveal direct
protein-protein interactions between Pnt/Yan and these additional activators. Our model
suggested an indirect interaction between Pnt and the extra activators that could disrupt the
repression functions of the ETS sites even when the binding of the extra activators and Pnt/Yan
was independent. This may be a result of the occupancy shift of Yan/Pnt at the ETS sites. The
extra activators occupy the ETS nonspecific DNA, which constitutes the neighboring space to
the ETS specific sites and thus if it is occupied by Yan could help stabilize Yan occupancy at the
ETS specific sites through self-association. Therefore the extra activators at the nonspecific
DNA indirectly destabilize Yan occupancy at the ETS sites. In turn, Pnt gains privilege in the
competition with Yan for the ETS sites. This idea could be experimentally tested by
measurements of the occupancy of Yan/Pnt at the MHE for different extra activators’ mutants is
worth testing for future experiments. We expected to see increased Yan occupancy and
decreased Pnt occupancy in the extra activators’ mutants. From a broad perspective, as clusters
of ETS and the extra activators (including Mad, Twi, Tin and dTCF) were identified for other
dorsal mesodermal enhancers (Halfon et al., 2002), such cooperativity could be implemented in

regulating more CRMs and gene transcription.

Interaction between Yan/Pnt and the extra activators to integrate regulations from multiple

signaling pathways, in combination with the threshold mechanism, could ensure more precise
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transcription. Just as Yan and Pnt are effectors of the Ras signaling, the extra activators including
Mad, Tin, Twi and dTCF, are respective effectors of Dpp and Wg signaling pathways (Azpiazu
and Frasch, 1993; Baylies and Bate, 1996; Bodmer, 1993; Brunner et al., 1997; Sekelsky et al.,
1995; van de Wetering et al., 1997). Through MHE, the effectors interact and thus the regulation
from upstream signals are integrated. Specifically, the pleiotropic inductive Ras signaling, in
combination with Dpp and Wg, which are more mesoderm restricted, can achieve spatiotemporal
specific transcription (Halfon et al., 2000). Our simulation provided a theoretical basis for an
indirect mechanism for signaling integration at molecular level. The spatiotemporal specificity
also may come from the threshold mechanism. For example, the sharp transition for Eve+ from
surrounding mesoderm, where the levels of some activators are high, and mesoderm may be the
results of total number of activators below activating threshold. Overall the extra activators not

only provide sufficiency for activation but also confer the specificity of gene transcription.

Further exploration of the extra activations may reveal differential interactions with distinct ETS
sites. The in vivo experiments showed that the strengths of repression and activation contributed
by distinct ETS sites were different, such as ETS6 conferred stronger activation whereas ETS7
conferred weaker activation. Our current model with Mad, Twi, Tin and dTCF all grouped into
the same extra activator, didn’t capture the strength differences from the in vivo results (Figure
3.5, 3.6 and 3.7). The inconsistent activation and repression strength between the simulation and
the in vivo results may be a result of the allocation of different extra activators on MHE. For
example, a cluster of Mad and Twi sites is in close proximity with ETS7 while a Tin site is close
to ETS6. If the difference between MHE™6 and MHE™ is contributed by the extra activators,

mad, twi and tin mutants should tuned MHE™* and MHE™" reporter expression differentially.
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How the interactions between extra activators and Yan/Pnt to fine tune transcriptional regulation

is an exciting area for further studies.

3.4 Materials and methods

Calculation of occupancy at equilibrium
We represent the MHE as a lattice of potential binding sites for Yan and Pnt. A pattern of Yan
and Pnt occupancy across MHE is referred to as a microstate. At constant temperature and

pressure, to calculate the fractional occupancy of microstate k at equilibrium, we used

ﬂ(_exp(_AGk/RT)[};m]a(k) [Pnt]P0O) W

In this case AG is the change in Gibbs free energy upon Yan and Pnt binding for microstate k, R
is the gas constant (1.987204118 x 103 kcal/mol degree), T is the absolute temperature (300°
K for all calculations), [Yan] and [Pnt] are the respective concentrations of free molecules of
Yan and Pnt in the nucleus, a(k) and b(k) represent the respective numbers of bound Yan and Pnt
molecules in microstate k. The numerator of Eq. 1 is a Boltzmann weight for a given microstate.
The partition function, Z, is the sum of Boltzmann weights for all microstates considered, and is
given by

Z=Y,exp ((— %))[Yan]“(k) [Pnt]P®). (2)
We considered two types of binding sites for Yan and Pnt, specific and nonspecific binding sites.
ayan and apnt represent the respective change in Gibbs free energy of Yan and Pnt specific

binding to ETS sites, whereas fyan and Bpnt represent the respective change in free energy of

non-specific Yan and Pnt binding to nonspecific sites. y represents the change in free energy of
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association between two adjacent Yan molecules via their SAM domains. Reflecting Yan’s
ability to polymerize, each additional adjacent Yan molecule contributes an additional increment
of y. The sum of change in Gibbs free energy, in terms of ayan, apnt, Byan, Bpnt and y, defines

the AG), of the microstate.

Calculation of transcription

We considered that the transcription is proportional to the binding of a basal transcription
complex (BTC) at DNA and the binding of BTC is regulated by the transcription factors Yan and
Pnt. The concept of BTC here is a necessary and rate limiting step for transcription but not
related to any specific molecule. In addition to the binding sites for Yan and Pnt in MHE, we
added another binding site for BTC. Then the fractional occupancy of BTC represent the relative

transcription, which is

. Z3
Z+Zy

3)

In this case, Z, is the sum of Boltzmann weights for all microstates containing a bound BTC,

whereas Z is the sum for all microstates in which BTC is unbound. To calculate Z,, we used
Z2 =Y ;exp ((— %))[Yan]“(j) [Pnt]?D). (4)

All j microstates contain a bound BTC and the AG’ equals to AG, which is determined by Yan

and Pnt occupancy, adding the change in Gibbs free energy of BTC binding. As Pnt is an

activator, for each molecule of Pnt binding at DNA, there is an wpnt (<0) energy adding to the

Gibbs free energy of BTC binding to strengthen its binding, whereas for each molecule of Yan

binding at DNA, there is an wyan (>0) energy adding the Gibbs free energy of BTC binding.

Therefore, ayan, apnt, Byan, Bpnt,y, wyan and wpnt defines AG'.
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MHE mutants
For MHE mutants, we changed the specific binding sites to nonspecific sites by switching the

binding affinities from ayan, apnt to Byan, Bpnt respectively.

Parameter table

ayan -9.955 kcal/mol
apnt -9.955 kcal/mol
Byan -5.797 kcal/mol
Bpnt -5.797 kcal/mol
Y -7.000 kcal/mol
wyan 2 kcal/mol
wpnt -1 kcal/mol
Concentration (pnt/yan) 0.1 to 1000nM
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Chapter 4 Discussion and Future Directions

4.1 Exploration how cross-regulation between pntP2 and pntP3 fine-tunes Pnt output

The transcriptional cross-regulation between pntP2 and pntP3, in combination with their
different transactivation potentials, may be critical to fine-tune the output of Pnt-activated
transcriptional programs. The newly characterized PntP3 isoform has stronger transactivation
potential than PntP2, and it acts redundantly with PntP2 to activate pntPI for the initiation of
first-round photoreceptor fates. This redundancy confers robustness to cell fate specification
against genetic and signaling variation. At the molecular level, the overall Pnt activity level in an
individual cell reflects the overall concentration of PntP2, PntP3 and PntP1 proteins, the latter
which is determined by the combined activity of PntP2 plus PntP3. Overall Pnt activity must
precisely tuned, as much or too little Pnt both lead to abnormal activation of downstream
transcriptional programs. Therefore, as the signaling-responsive initiators of cell fate transitions,

PntP2 and PntP3 must be regulated, particularly when both are present redundantly.

Regarding their transcriptional regulation, my RT-qPCR and FISH results have showed the auto-
repression of pntP2 and pntP3 and the cross-activation of pntP2 by PntP3. Although I was
unable to detect pntP3 transcripts by FISH, the RT-qPCR showed a significant 12% increase in
pntP3 in pn”’> mutant tissue, suggesting that PntP2 normally represses pntP3. Thus the auto- and
cross-regulation between PntP2 and PntP3 may form a regulatory network for tuning the final

overall PntP2 plus PntP3 in a context-dependent manner.

There are a few remaining questions. First, how transcription of pntP3 is activated at the MF has
not been revealed. As PntP3 is a stronger activator than PntP2, and can activate both pntPI and

pntP2, exploration of the signaling inputs that activate pntP3 expression is critical to understand
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the initiation of the Pnt network. Second, the molecular mechanism behind the cross-regulatory
interactions is unknown. In particular, my results did not reveal whether the regulations were
direct or indirect. Assuming direct regulation, both the association with cofactors and the
strength of RTK signaling to control the activities of PntP2 and PntP3 can be key determinants.
Third, whether context-specific tuning of the Pnt network optimizes its activity level for each
different cell fate specified needs to be explored. Depending on the developmental context, the
existence and strength of cross-regulatory interactions may be adjusted. Below I suggest

experimental approaches that could be pursued to address these three points.

Further exploration of pntP3 transcriptional regulation can be achieved through constructing a
pntP3 transcriptional reporter. Although I could not detect pntP3 transcript through FISH
because of its short specific exon, a pntP3 specific transcriptional reporter can be built by
inserting a tag after its endogenous transcriptional starting site. To monitor the transcript instead
of the protein, we can insert an RNA-level tag, either MS2 or PP7, which was developed for
embryo live-imaging (Garcia et al., 2013). Upon transcription, the inserted MS2 or PP7 DNA
sequence will lead to the formation of mRNA stem loops. These hairpins will be recognized by
continuously expressing the coat proteins (MCP or PPCP) fused to a fluorescence tag like GFP;
spatially localized GFP fluorescence will enable detection of pntP3 transcript in live or fixed

tissue.

Although the technology is sound, there are a few challenges to implement it for pn¢P3. First, as
the stem loops will be inserted at the pntP3 specific 5’ end close to the start codon, the MS2-
MCP complex may interfere with the initiation of translation. This would reduce PntP3 protein

levels, which will weaken the negative autoregulation, and increase pntP3 transcription. If this
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happens, the MS2 system cannot monitor the transcript accurately. Therefore, the insertion
position and number of stem loops need to be tested for minimal effect on the protein level by
western blot. Because there is no specific PntP3 antibody, this can be assessed either with an
antibody that recognizes all isoforms (Brunner et al., 1994) or by inserting the MS2 tag into the
GFP-PntP3 BAC transgene or into an equivalent CRISPRed allele, which needs to be made first.
Second, the protocol to detect the signal in the retina needs exploration. I am not aware of any
publication using MS2-like system for live imaging in Drosophila retina. Retinal cells are
smaller and more closely packed than those in the embryo so stronger fluorescence signal may
be required to achieve single cell resolution. Staining with anti-GFP antibody should amplify the
signal, but will only work in fixed tissue. Third, to quantify pntP3 transcription and compare the
results across genotypes and conditions, a normalization system is needed to monitor the binding
efficiency of the coating protein to the MS2 loops. Similar MS2 reporters can be built for pntP1

and pntP2 for higher resolution study than is possible with FISH.

Once the technical challenges are resolved, pntP3 transcription can be measured in different
mutants to uncover the inputs that regulate its transcription. Relevant mutants can be divided into
three categories: pnt isoforms, signaling pathway components and potential cofactors. Testing in
pnt’!, pnt?, pntP? mutants is critical to revel the Pnt network. Regarding signaling pathways, in
addition to RTK signaling, Notch is a top candidate as it is an important contributor to
photoreceptors fate specification, particularly R7 (Hayashi et al., 2008; Tomlinson and Struhl,
2001; Tomlinson et al., 2011). Additional signaling pathways to explore include Hh and Dpp.
These two pathways play key roles in MF initiation(Heberlein and Mosest, 1995; Heberlein et
al., 1993), and so are most active in the region where PntP3-GFP showed strong expression,

putting them in the right place at the right time to contribute to the initial activation of pntP3 and
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the Pnt network. Last are the cofactors that may be involved in the transcription of pntP3, with

Groucho and Atonal top candidates.

A differential equation-based model of the Pnt isoform network may then be built based on the
quantification of pntP1, pntP2 and pntP3 transcript levels in wild type and isoform-specific pnt
mutants made possible with the MS2-MCP system. The expectation is that the nature of the auto-
and cross-regulation will lead to a feedback loop, through which the change in level of one
isoform will not only adjust others but also tune its own. To understand the final Pnt output from
the network (Fig 4.1A as one representative network topology), the modeling will incorporate
the individual gene regulation for a single step change and then simulate for hundreds of
thousands of steps until stable outputs, representative of the final states of the network initiated
by a certain strength/frequency of EGFR signal, is achieved. After building the model, each nut
and bolt of the system can be adjusted easily for testing different hypotheses. For example, I can
modulate the strength of RTK signaling input quantitatively under different topology and
regulation strength of the network. This may indicate which features of the network contribute to
the robustness of Pnt output against the variations of the signaling input. In particular, negative
feedback loops, which have been studied extensively to reduce variation and lead to stable output
(Dublanche et al., 2006; Guinn and Balazsi, 2019; Singh and Hespanha, 2009), may be the focus
of our future study. The strength of the individual regulation within the loop can be adjusted in
the model, thereby modulating the variability of PntP2 and PntP3 levels, and in turn PntP1

expression.

Another interesting area to explore is the cell-to-cell variation in Pnt isoform protein and mRNA

levels. My quantification for pntP2 FISH showed that retinal cells at the same AP position,
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which indicates the developmental state of cells, had significant variations of pntP2 transcription
and that such variations changed across the AP axis (Fig 4.1B). The variations of pntP1 and
pntP2 can also be quantified by the MS2-reporter and FISH. Regarding the isoform protein
levels, my preliminary quantification for GFP-PntP1, GFP-PntP2 and GFP-PntP3 all showed
spikes of variations at photoreceptor fate transitions and such variations decreased across the AP
axis. Studies have shown that variations in protein levels can have impact on cell fate decisions
(Chang et al., 2008; Griin, 2020; Maamar et al., 2007). The source of the cell-to-cell variation in
pnt isoform levels may be critical for further understanding the molecular mechanisms of the
retinal cell specification. The source may include the production and dispersal of signaling
ligands, signal transmission (e.g. kinetics of phosphorylation), and transcription of pnt.
Incorporating randomness for different sources into the model to simulate the pntP1, pntP2 and
pntP3 variation may reveal how different sources and the isoform network topology contribute
and regulate the variations. Overall, the modeling will be a useful tool to carefully study each

element of the Pnt network.

Regarding the mechanisms that confer cell-type specificity to Pnt network output, variation in
signaling inputs and use of different network topologies may be critical. My work revealing
different Pnt isoform expression patterns and regulatory interactions in the two rounds of
photoreceptor specification provides a new entry point to explore this topic. Of particular interest
is my discovery that PntP2 switches from auto-repressing its transcription in the first round of
photoreceptor specification to auto-activating it in the second-round. The molecular mechanism
that produces this switch is unknown. Two potential mechanisms to be investigated include the
different levels of RTK signal that cells experience in the two rounds (discussed further in

section 4.3) and the possibility that different cofactors associate with PntP2 at different stages of
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ommatidial assembly. Cell-type specific cofactors include seven-up, which represses Prospero

expression in R1, R6 cells, may be facilitate the pntP2 regulatory switch. (Hayashi et al., 2008).
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Fig 4.1 Potential Pnt network feedback topology and variance of pntP2 transcript across the
AP axis in the eye disc

A) One potential feedback topology based on the current data: MAPK phosphorylation (dark
green arrows) activates PntP2 and PntP3; PntP3 transcriptionally activates (light green arrows)
pntP2 while PntP2 transcriptionally represses pntP3; both PntP2 and PntP3 auto-repress their
transcription and transcriptionally activate pntP1. Transcriptional activation of pntP3 will be (Fig
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4.1 continued) added based on the MS2-pntP3 reporter results. B) Variance of pntP2 FISH in 6
wildtype (green) and 6 pn#”? mutant (red) discs from maximum projections. In wild type, the
variance rises anterior to the MF, peaks and then decreases to a steady state. Orange arrowheads
mark the MF, red arrows mark the peak of pntP2 expression and blue arrows mark the start of
lower pntP2 expression in the posterior half of the disc; the three can be mapped to
correspondingly colored marks in Chapter 2. In pn#”? discs, the variance levels are higher than
normal anterior to the MF, then become similar to normal, but slightly lower in the posterior
(right of blue arrow). The line connects the moving average of the coefficient of the variation of
all foci within one-pixel windows along the x-axis.

4.2 Identification of transcriptional regulatory elements within the pnt locus

4.2.1 Discovery of potential regulatory elements for pnt isoforms

The distinct transcription patterns of pnt isoforms must reflect differential regulation through the
multiple potential enhancer elements at pnt locus. Considering that the transcriptional starting
sites of the isoforms are different, I suspect that the adjacent sequences may harbor isoform
specific regulatory elements. Pnt-GFP ChIP-seq data from 3™ instar eye imaginal discs and stage
11 embryos (Webber et al., 2018 and unpublished by Jemma L. Webber) identified multiple Pnt
bound peaks across the pnt locus, suggesting that the auto-regulation and cross-regulation of Pnt
isoforms may be direct. Prominent peaks were identified near each of the isoform-specific
transcription start sites, supporting my prediction. The published FAIRE-seq in 3 instar eye
discs (McKay and Lieb, 2013), indicating all potential regulatory regions, showed more peaks
than Pnt-GFP ChlIP-seq but included most of the Pnt-bound peaks. This makes that Pnt-bound
regions within the pnt locus strong candidates for cis-regulatory elements responsible for control

of pnt transcription.
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Fig 4.2 Potential cis-regulatory regions at the pnt locus

The top two panels are respective Pnt-bound peaks from Pnt-GFP embryo ChIP-seq and Pnt-
GFP eye-antennal disc ChIP-seq; only the peaks above 80% of the highest peak value were
picked (Webber et al., 2018 and unpublished by Jemma L. Webber). The bottom panel indicates
the pnt locus. Peaks from the embryo and the eye ChIP-seq are largely overlapping. There are in
total 17 peaks picked to construct reporters, as marked. The exact sequences of the 17 reporters
are in appendix 5. Reporter 14 and 15 are identified based on the embryo ChIP-seq.

To validate whether any of the 17 Pnt-bound regions identified above the 80% peak height
threshold (Fig 4.2) define a cis-regulatory module sufficient to drive isoform-specific patterns of
expression in the 3™ instar eye imaginal disc, I cloned the regions and built transcriptional
reporters for each one, and then integrated the transgenes into the 86Fb AttP landing site on the

37 chromosome. Only the reporters showing expression in the 3™ instar retina can be retinal

CRMs, and those regions should be prioritized for further research. Because CRMs can have
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tissue-specific functions, examination of non-retinal tissues where Pnt is known to be expressed
such as embryo, egg chamber and wing disc, will be important to mapping out the full regulatory
complexity. My preliminary studies showed that reporter 7, 8 and 10 exhibited interesting

expression patterns, that will be discussed in Appendix 4

4.2.2 In silico screen for TF binding sites in the pnt regulatory elements combined with genetic

interaction assays to identify cell-type specific regulators of isoform-specific expression

CRMs frequently contain clusters of TF binding sites which organize interactions of multiple
factors (Chapter 3). Thus the regulatory regions identified above may integrate Pnt isoforms and
other factors for cell-type specific transcriptional regulation of pnt. Once the isoform specific
CRMs are confirmed, we can search for other TF binding sites based on the known consensus
sequences. I expect this will identify spatiotemporally restricted factors corresponding to the
specific expression patterns of the isoforms. Then genetic assays can be implemented to validate
the regulation. This in silico-based search may also suggest candidates for the cofactors that
work with different Pnt isoforms to influence their DNA binding preferences; experiments to test
these cofactors were discussed in section 4.1. From a broad perspective, the association between
Pnt and the newly identified factors at specific CRMs may reveal cell-type specific cooperativity
between RTK and other upstream signals. Although RTK/MAPK has long been identified as a
generic inductive signal to activate cell fate transitions across development, the spatiotemporal
specificity of the response is determined by its combination with other signals (Halfon et al.,
2000; Halfon et al., 2002; Hayashi et al., 2008; Weber et al., 2008). The pnt CRMs can be useful

tools to uncover the various combinatorial codes.
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4.3 The modulation of Pnt transcriptional responses by signaling pathways

4.3.1 Control of the Pnt responses through RTK/MAPK activation

RTK/MAPK activation may control Pnt isoform network activity and the downstream
transcriptional programs through modulating the pool of phosphorylated and unphosphorylated
PntP2 and PntP3. My results suggested that PntP2 auto-repression and cross-repression of pntP3
contributes regulation during the first round of photoreceptor specification but that in the second
round, PntP2 switches to auto-activation. My hypothesis is that the different levels of
RTK/MAPK activation in the two rounds determines the switch between repression and
activation (Chapter 2). Briefly, RTK activation modulates the ratio of phosphorylated and
unphosphorylated Pnt. For both PntP2 and PntP3, the unphosphorylated form has lower
transactivation potential than the phosphorylated form. The predominance of unphosphorylated
Pnt under conditions of low RTK activation will lead to overall low Pnt activity. If
unphosphorylated Pnt binds an enhancer, but does not transactivate efficiently, the effect on gene
expression will be repressive. To test this hypothesis, we can measure pntP1, pntP2 and pntP3
transcription with different adjustments of RTK signaling using loss- or gain-of-function alleles
of RTK pathway genes such as egfr, 7/, or ras. We can also use the identified egfr temperature
sensitive mutant allele and adjust the signaling levels by shifting temperature. Using cell-type
specific drivers to overexpress the dominant negative or dominant active forms of EGFR or Ras
could modulate the signaling levels in a cell-type specific manner. If the hypothesis is correct,
increasing RTK signaling levels may switch the auto- and cross-repression from PntP2 to
activation at the anterior of the disc where first round fates are specified. On the other hand,
reducing the RTK activation may switch the autoactivation of pntP2 to autorepression at the

posterior of the eye disc, where second round fates normally experience strong RTK activation
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from two sources, the EGFR and Sev. Measuring pntP2 transcript levels by FISH in a sev mutant

background would test this.

The regulation from RTK activation may also rely on different enhancers having different
preferences for the phosphorylated and unphosphorylated isoforms. For example, my finding that
PntP2 activated pntP1 while it auto-repressed and cross-repressed pntP3 at the anterior, would
suggest that the pntP1 enhancer may preferentially recruit the phosphorylated PntP2 while the
pntP2 and pntP3 primarily recruit unphosphorylated PntP2. How such preferences are

determined is worth investigation.

The cis-regulatory syntax, as my research focused on in Chapter 3, is critical to organize
different transcription factor inputs. To study the syntax organizing phosphorylated and
unphosphorylated Pnt isoforms, the isoform specific CRMs must be identified first as [ have
discussed in section 4.2. As the phosphorylation site is next to the N-terminal SAM protein-
protein interaction domain, the phosphorylation state may impact SAM-mediated interaction
with other TFs and such cooperativity may facilitate the differential binding pattern of the
phosphorylated- and unphosphorylated-Pnt isoforms. Therefore we should also mutate other TF
sites to see if the cooperative interactions affect the binding preference. The binding preference
for phosphorylated or unphosphorylated forms can be assessed by Phos-tag gels where a shift
will be induced in electrophoretic mobility of phosphorylated proteins compared to their

unphosphorylated counterparts (Nagy et al., 2018).

As another possibility, RTK activation may regulate the association of Pnt isoforms with specific
cofactors. Previous work uncovered genetic interactions between Pnt and the transcriptional

repressors Yan and Groucho (Webber et al., 2018). ChIP analyses showed that Pnt, Yan and
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Groucho co-occupy significant number of enhancer regions and Pnt is required for stable
occupancy of Yan and Groucho at these regions. Transcriptional repression of genes associated
with co-occupied regulatory regions was reduced in pnt mutants, suggesting Pnt might mediate
Yan and Groucho’s repression. Therefore the auto- and cross-repression from PntP2 may be
facilitated by these co-repressors. Supporting this idea, the Pnt bound peaks shown in Figure 4.2
overlapped with the peaks identified from the Yan ChIP-seq data in the eye imaginal discs (J.
L.Webber, unpublished). As Yan and Groucho both respond to RTK signaling (Hasson et al.,
2005; Rebay and Rubin, 1995), the Pnt-mediated repressive complex likely responds to the RTK
signal. If the hypothesis about the cofactor association is correct, then mutants of Yan, Groucho
or other potential co-repressors should disrupt the repressive function of PntP2. This could be

assessed by measuring pntP2 transcript levels in yan,pnt’? or pnt’?,gro double mutants.
y gp p yan,p p &g

4.3.2 Integration of RTK/MAPK and Notch signaling to regulate Pnt expression

The RTK/MAPK and Notch signaling pathways provide a great example to study how the
integration of information from multiple signaling pathways regulates Pnt isoform-specific
expression. The integration of RTK/MAPK and Notch inputs is required to specify R7
photoreceptors and cone cells (Cooper and Bray, 2000; Flores et al., 2000; Tomlinson and Struhl,
2001). For both pros, the R7 and cone cell specific gene, and D-Pax2, the cone cell specific
gene, RTK activation is mediated by Pnt for proper expression (Charlton-Perkins et al., 2011;
Flores et al., 2000; Hayashi et al., 2008; Tomlinson et al., 2011). I can think of two possibilities
for Notch to integrate with RTK to regulate the target gene expression. Primarily, the
downstream effectors of Notch, including Su(H), interact with Pnt through co-occupation at the

same enhancers (Flores et al., 2000; Hayashi et al., 2008). Secondly, Notch can regulate the
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expression of RTK transcription effectors, evidenced by the expression change of Yan and Pnt
in notch mutant comparing to the wildtype (Bernasek et al., 2018). Interestingly, the change
occurred at both anterior and posterior, where there are differential expression patterns of Pnt
isoforms, suggesting Notch may regulate more than one isoform. According to the isoform
specific expression patterns, Notch may regulate pntP1 and/or pntP3 at the anterior when RS
cells are specified, pntP2 in R7 photoreceptors, and pntP2 and/or pntP3 at the posterior in cone
cells differentially. To test these ideas, we can measure isoform specific expressions by FISH or
transcriptional reporters in Notch mutant. Thus, in addition to RTK cascade, Notch signaling

adds another layer of transcriptional regulation on Pnt isoforms.

4.4 Differential Pnt transcriptional responses in the embryo and wing

4.4.1 The role of MAPK activation and Pnt during embryogenesis

While the proposed ideas above focused mainly on the retina tissue, similar issues should be
addressed in other developmental contexts, including the wing and embryo where
RTK/MAPK/Pnt activation plays critical roles. Such studies would provide a broader picture of
how isoform-specific Pnt expression and activity is regulated in response to different signaling
conditions. It was in the embryo where pntPI and pntP2 were originally identified, and their
differential transcript distributions were illustrated (Klambt, 1993). Then following studies
uncovered major roles of Pnt during ventral nerve cord development (Estes et al., 2008; Giesen
et al., 1997; Granderath and Klambt, 1999; Granderath et al., 2000; Klaes et al., 1994; Scholz et
al., 1997), and cardiac cell specification at stage 11 embryo (Boisclair Lachance et al., 2018;
Carmena et al., 1998; Carmena et al., 2002; Halfon et al., 2000; Knirr and Frasch, 2001; Webber

et al., 2013). The functions of Pnt isoforms, particularly that of the newly identified PntP3,

171



during embryo development is worth exploration. Just like pntPI and pntP2, GFP-PntP3 showed
strong expression in the embryo across developmental stages (Jean-Frangois Boisclair Lachance,
unpublished), suggesting its potential functions. Considering that the homozygous pn#? mutant
survived normally, the function of PntP3 may be redundant with either PntP2 or PntP1. The
survival rate of pn”? mutant animals is higher than that of pn#”??* mutants, suggesting that PntP3
may be redundant with PntP2 (Chapter 2). However more detailed analysis for the embryonic
development for the mutants will be essential to confirm the idea. Furthermore, based on my
research in the retina, modulating RTK signaling levels may reveal PntP3’s role if PntP3 mainly
contributes to the robustness of embryogenesis. For example, I supplied repeated 18°C to 31°C
temperature shifts at the 3™ instar larvae stage in a sensitized egfi/rl background to investigate
photoreceptor development defects. To study embryogenesis, similar treatment could be supplied

for embryo developmental stages.

If we want to focus on a specific gene regulation in the embryo, eve at stage 11will be a good
choice. Its expression regulation by RTK/Pnt signaling has been well characterized and the
CRMs have been identified. GFP-PntP3 had expression in the stage 11 mesoderm (Jean-Frangois
Boisclair Lachance, unpublished), where the Eve positive cells originate, and thus PntP3 has the
potential to interact with the CRMs and regulate eve expression. After confirming expression of
the isoforms in this context, Genetic interaction assays can be carried out between eve alleles
carrying deletions of specific CRMs and my pnt isoform-specific crispr mutants. Then using eve
expression as a read out, we might find synergistic reduction of Eve, indicating a particular
isoform’s preference for the CRM. Studying how differences in regulatory syntax
organizes/influences the isoforms at the MHE is also a good experiment. I expect that

introducing Pnt isoform specific mutants will result in different changes in expression of the
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MHE ETS site mutant reporters (see Chapter 3 and Boisclair-Lachance et al 2018) if PntP1,

PntP2 and PntP3 have different preferences for the ETS binding sites.

4.4.2 The role of MAPK activation and Pnt during wing development
The wing is another context where multiple roles of RTK/MAPK/Pnt activation have been

revealed. Detailed analysis and discussion will be in Appendix 2.
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APPENDIX1: Quantification of GFP-PntP1, GFP-PntP2, and GFP-

PntP3 during photoreceptor specification in 3'¢ instar eye disc

Al.1 Results and Discussion

The expression dynamics of Pnt isoforms may enable the transition to distinct photoreceptor
fates. Our model demonstrated that context-dependent Pnt networks determine the first and the
second round photoreceptor fates (Chapter 2). If Pnt isoforms also function differently to
determine the cell fates within the same round, such as R2R5 vs. R3R4, then differences in
expression dynamics might be evident. Interestingly, differential expression dynamics of Yan
and Pnt (all isoforms together) have been revealed in distinct R1-R8 photoreceptor cells
(Bernasek et al., 2018; Pelaez et al., 2015). Thus, to understand Pnt isoform in individual
photoreceptor types, I studied the expression dynamics of Pnt isoforms in each photoreceptor
type.

Using genomic BAC transgenes in which GFP tags had been added at the unique N-terminus, |
showed that the three Pnt isoforms have differential expression dynamics during photoreceptor
fate transitions. I used DAPI to label all eye cell nuclei, and then based on the anterior-posterior
and apical-basal position, and morphology I identified all the individual cell types including
progenitors, photoreceptors and cone cells (details in A1.2 Materials and methods, (Peléez et al.,
2015; Tomlinson, 1985; Tomlinson and Ready, 1987; Wolff and Ready, 1993)). The cells were
also mapped to a point of developmental time considering that the MF moves from posterior to
anterior to initiate one array of R8 cells every two hours (Basler and Hafen, 1991). Then GFP-
PntP1, -PntP2 or -PntP3 fluorescence levels within individual nuclei was normalized to DAPI to

control for measurement variation. The normalized values represent the expression of GFP-
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PntP1, GFP-PntP2 or GFP-PntP3 within individual cells. Focusing on specific cell types, these
data provide a dynamic view of Pnt isoform expression through cell fate transitioning processes.
GFP-PntP1, -PntP2 and -PntP3 expression initiated in two groups of progenitor cells: PntP1 and
PntP3 reached peak expression in the earlier group, which is close to MF, while PntP2 reached
peak expression in the later group (Fig. A1.1). For photoreceptors, consistent with my
characterization of the expression of pntP2 and PntP3 in Chapter 2, GFP-PntP3 expressed in the
first round of photoreceptors, R2R5 pairs and R3R4 pairs, while GFP-PntP2 expressed in both
the first and the second round photoreceptor fates. GFP-PntP1 expressed in all photoreceptor cell
types. All isoform expression in the photoreceptors showed similar trends across developmental
time such that expression levels were highest at the beginning of fate transitions, sharply
decreased over time until reaching a low and steady level at the latest developmental time points.
However, there were differences between distinct cell types. For GFP-PntP3, it reached the
highest expression in R8 cells, lower in R2RS5 pairs and lowest in R3R4 pairs (Fig. A1.1C); for
GFP-PntP2, the expression was the highest in R7 cells, lower in R3R4 and R1R6 pairs and
lowest in R2R5 pairs and R8 cells (Fig. A1.1B); for GFP-PntP1, the expression was the highest
in R2RS5 pairs, lower in R8 cells, even lower in R3R4 pairs, then R7 cells and the lowest in RIR6
pairs (Fig. A1.1A). The differences among the photoreceptors suggest that on top of the Pnt
networks for the two rounds of photoreceptor fates, there may be distinct Pnt isoform mediated
regulation for individual photoreceptor fates.

Based on the differential expression dynamics, further exploration of the contribution of the
dynamics to distinct photoreceptor fates will be important. A primary question is to understand if
the detected PntP2 and PntP3 directly activate the transcription of photoreceptor specification

genes or whether they only transcriptionally activate PntP1. Favoring the latter mechanism, the
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sequential model that PntP2 and PntP3 transcriptionally activate PntP1 from Chapter 2 predicts

that the photoreceptor fate decisions directly associate with PntP1 dynamics.
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Fig A 1.1 Quantification of GFP-PntP1, GFP-PntP2 and GFP-PntP3 in multipotent cells, R1-
RS and cone cells
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(Fig A 1.1 continued) Moving averages of GFP-PntP1 (A) and GFP-PntP3 (C) levels highlight
the peaks of expression at the MF (yellow arrowhead) region in the multipotent cells that will be
specified into the first five photoreceptors recruited to each ommatidium, R8, R2, R5, R3 and
R4. GFP-PntP2 (B) levels reach the peak of expression in the multipotent cells that will be
specified into the second round of photoreceptors, R1, R6 and R7. GFP-PntP1 expresses in R1-
R8, with relative lower expression in R1, R6 and R7. GFP-PntP2 expresses in R1-R8, with
relative higher expression in R1, R6 and R7. GFP-PntP3 expresses in the first five
photoreceptors but its expression in photoreceptors, R1, R6, and R7 was not above baseline.
Only GFP-PntP2 and GFP-PntP3 express in cone cells but with reverse trends along the
developmental time. Data plotted are from two discs of each genotype from independent
experiments.

Therefore, within the first round of specification, R2RS5 pairs may require higher levels of PntP1
compared to R3R4 pairs. This higher PntP1 may be transcriptionally activated by the higher
level of PntP3 in R2RS pairs. Interestingly, the transcriptional repressor Yan showed lower
expression in R2RS5 pairs than that in R3R4 pairs (Pelaez et al., 2015). Adding the information of
expression dynamics to the conventional model that High Pnt/Low Yan specify photoreceptor
fates, R2R5 pairs may require a higher PntP1/Yan ratio to be specified. If the detected PntP2 and
PntP3, together with PntP1 directly activate the transcription of photoreceptor fate genes, the
sum of the transcriptional activities of three isoforms determines the fates. PntP1 plus PntP3 was
still higher in R2RS5 pairs compared to R3R4 but PntP2 showed lower expression in R2RS5 pairs.
One important caveat to be considered was that unlike GFP-PntP1 and GFP-PntP3, the GFP-
PntP2 BAC transgene did not fully complement pn™ flies, suggesting the GFP tag may
interfere with the dynamics of PntP2. The fact that GFP-PntP2 peaks were much lower than the
peaks of GFP-PntP1 and GFP-PntP3 might be a reflection of interfered protein dynamics. Other
fluorescent tags or insertion locations may be introduced to monitor endogenous PntP2

dynamics. Once PntP2 expression dynamics is more accurately measured, the association

between the total Pnt transcriptional activity and the photoreceptor fates can be better proposed.
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The expression dynamics of Pnt isoforms in cone cells are different from that in all
photoreceptor cells. Consistent with the characterization from Chapter2, GFP-PntP2 and GFP-
PntP3 both expressed in cone cells. However, unlike the decrease of PntP2 along the
developmental time axis, GFP-PntP3 increased in cone cells (Fig. A1.1BC). There was no
expression of GFP-PntP1 detected in cone cells (Fig. A1.1A). The opposite expression dynamics
of PntP2 and PntP3 in cone cells suggests another working model, in addition to the redundancy,
between them. As I have shown that pn#? mutants lost some cone cells while pntp3 mutants
showed normally specified cone cells (Chapter 2), my hypothesis is that PntP2 is the major
determinant for cone cell fates while PntP3 is only partially redundant with PntP2 for cone cell
fate specification but plays an additional later role for cone cell functionality.

A1.2 Materials and methods

Immunohistochemistry and microscopy

Third instar eye-antennal imaginal discs were dissected in cold S2 cell medium, fixed in 4%
PFA/PBS for 30 minutes at room temperature, washed 3X in PBST (1X PBS, 0.1% Triton),
permeabilized in PBST (1X PBS, 0.5% Triton) for 20 min, washed 3X in PBS, incubated with
DAPI (0.1ug/ml DAPI in PBST (0.1% Triton)) for 20 min at room temperature, washed 1X in
PBS and mounted immediately. Imaging was performed within the same day of fixation with a
Zeiss LSM 880 confocal microscope, using 0.8 um steps for a stack of ~60 optical sections.
Quantification of expression levels

Expression dynamics were inferred from confocal image stacks using an updated version of an
existing segmentation and annotation pipeline (Bernasek et al., 2018; Peldez et al., 2015). The
new pipeline includes FlyEye Silhouette (Nicelio Sanchez-Luege et al. unpublished); an open-

source package for macOS that integrates our image segmentation algorithm with a GUI for cell
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type annotation. Cell segmentation was performed with DAPI signals for identification of cell
nuclei and the mean GFP fluorescence signal was normalized to the mean DAPI signal of each
nucleus. Cell positions along the anterior-posterior axis were mapped to developmental time
according to the previous description (Bernasek et al., 2018; Pelaez et al., 2015).
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APPENDIX2: PntP2 and PntP3 in 3" instar wing disc

A2.1 Results and Discussion

In addition to the eye and the embryo, the wing is another context where multiple roles of
RTK/MAPK/Pnt activation have been revealed. PntP2 has been the major isoform implicated in
EGFR-mediated regulation of wing disc patterning (Paul et al., 2013; Scholz et al., 1993). The
EGFR signaling initially specifies the dorsal compartment and then as the disc grows, continued
strong signaling specifies the notum, restricting development of the wing proper to the rest of the
epithelium (Pallavi, 2003; Paul et al., 2013; Wang et al., 2000; Zecca and Struhl, 2002).
Reflecting these roles, partially duplicated wing pouches were reported in hypomorphic pntP2-
specific allelic combinations (Scholz et al., 1993). As predicted by this prior work, my
homozygous pn#”? null mutant adult escapers had duplicated and malformed wings (Fig A2.1 B,
green line marks the wing tissue); examination of 3™ instar wing discs revealed duplication of
the wing pouch and reduction of notum tissue (Fig A2.1 A, C, yellow arrow). In contrast, the
pnt’? null mutant wings and wing discs were normally patterned (Fig A2.1 D and not shown).
This together with the results from my Chapter 2 that egfi/rl; pn#”3 flies showed wing margin
defects suggest that the role of PntP3 during wing development is redundant with PntP2 or

PntPl1.
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Fig A2.1 Expression and functions of PntP2 and PntP3 during wing patterning

Adult wings are oriented anterior up and distal left. Maximum projections of 3™ instar wing
imaginal discs are oriented dorsal up. (A) A schematic depicting the adult wing blade that
develops from the pouch region (green) of the wing imaginal disc. Cut expression (red) marks
the prospective wing margin. (B-C) Loss of pn#? results in duplication of wing material. (B) A
duplicated and malformed wing dissected from an adult (B) or 3" instar (C) pn#? escaper. Cut
expression (red) highlights the wing pouch duplication and reduced notum (yellow arrow) of
pnt*? discs (C) and the wild type patterning of pn#”? discs (D). DAPI (blue) marks all nuclei.
Scale bar: 50 um.(E) p-gal expression from the pnt’?’7 (red) is seen throughout the notum (red
arrow) and overlaps GFP-PntP3 (green) in the posterior compartment (yellow arrow). PntP3 is
also expressed in the dorsal hinge region (green arrow). No expression of either isoform was
detected in the pouch. Scale bar: 50 pm.
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To further study the role of the isoforms in the wing, their expression patterns should be
understood first. I compared the expression patterns of PntP2 and PntP3 in the 3" instar wing
disc. As in the eye, both overlapping and non-overlapping expression domains were detected
(Fig A2.1 E). Thus both isoforms were expressed in a cluster of cells in the posterior
compartment of the notum (Fig A2.1 E’, E”’, yellow arrow), cells elsewhere in the notum
expressed primarily pntP2 (FigA 2.1 E’, red arrow), cell clusters in the dorsal hinge region
expressed primarily GFP-PntP3 (FigA 2.1 E’’, green arrow). The expression in the notum and
hinge is consistent with the expression of Pnt-GFP, for which the GFP tagged the C-terminus of
all three Pnt isoforms. This expression pattern suggested redundant functions of PntP2 and PntP3
for notum and hinge development, that can be further explored. However neither PntP2 nor
PntP3 showed strong expression in the wing pouch although Pnt-GFP had cross-like pattern of
stripes of expression in the wing pouch (Boisclair Lachance et al., 2014). Therefore it seems that
PntP1 is the only isoform left that can contribute to the wing pouch expression of Pnt-GFP, but
my preliminary results showed that GFP-PntP1 is largely overlapping with GFP-PntP3,
expressing in the notum and hinge (data not shown). To solve this confusion, we should be aware
of the caveat that the GFP-PntP2 and the pntP2-lacZ reporters are both hypomorphic pntP2
alleles, so that they might not capture the wildtype endogenous PntP2 expression. New PntP2
protein and transcription reporters need to be built. Once a wildtype PntP2 reporter is
constructed, we should consider expand the expression analysis to the 2" instar larvae wing disc,

considering that EGFR initiated the dorsal development during the 2™ instar.

Functionally, the synergic effect between PntP2 and PntP3 is worthy of further exploration. I
showed that egfi/rl; pnt”’ and egfi/rl; pnt*’/pnt”? exhibited much higher penetrance of wing

margin defects than the penetrance in the single heterozygotes (Chapter 2), suggesting strong
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synergy between pntP2 and pntP3. The synergistic function should occur during the
development of pouch, which will grow into the wing blade. Given I didn’t see co-expression of
PntP2 and PntP3 at the 3™ instar, further research should focus on earlier time points. This
synergy effect may be manifested in the cross-regulatory network of the isoforms, which can

exploit the mathematical modeling from discussion session 4.1 for better understanding.

A2.2 Materials and methods
Immunohistochemistry and microscopy

Third instar wing discs were dissected in cold S2 cell medium, fixed for 10 min in 4% PFA with
0.1% Triton X-100, washed 3X in PBT (1X PBS, 0.1% Triton), blocked in PNT (1X PBS, 0.1%
Triton, 1% normal goat serum), stained with primary antibodies in PNT overnight at 4° C,
washed 3X in PBT, and stained with secondary antibodies in PNT overnight at 4° C. Primary
antibodies used were: rabbit a-GFP (1:2000, Molecular Probes); mouse cut (1:50, DSHB, 2B10);
mouse a-f-galactosidase (1:1000, Promega). Secondary antibodies were from Jackson
ImmunoResearch: donkey a-rabbit-Cy3 (1:2000), donkey a-rabbit-488 (1:2000), donkey a-
mouse-Cy3 (1:2000. DAPI (1:2000, Invitrogen) was used to detect DNA. Imaging was
performed with a Zeiss LSM 880 confocal microscope, using 1.2-1.5 pm steps. Adult wing was
imaged with a Canon EOS Rebel camera fitted to a Leica stereo microscope. Individual slices

were merged using iSolution-Lite software (IMT-Digital).
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APPENDIX3: Fate switched experiments: GFP-PntP2 expression

associated with R7 fates

A3.1 Results and discussion
I further confirmed that GFP-PntP2 expression associated with R7 and cone cell fates by the fate
switched experiments (Mavromatakis and Tomlinson, 2013). I found that GFP-PntP2 expressed

in ectopically induced R7 and cone cells, which were Pros positive.

A
ro-GAL4

B
ro>lz

Fig A3.1 Expression GFP-PntP2 in fate-switched R7 cells
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(Fig A3.1 continued) All images show maximum projections of optical confocal sections of
representative 3 instar eye imaginal discs, oriented anterior left. Scale bars: 10 um. Pros (red)
marks R7 photoreceptors and cone cells. (B) Overexpression of UAS-lozenge (Iz) driven by ro-
Gal4. Overexpression of lozenge induced ectopic Pros-positive cells. GFP-PntP2 expression is
associated with the ectopic Pros-positive cells, thereby strongly increasing at the anterior of the
disc.
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APPENDIX4: Transcriptional reporters for pnt locus

A4.1 Results and Discussion

In my preliminary studies in the retina, I found reporter 7, 8 and 10 showed expression in the
first round photoreceptor R3/R4 pairs and the second round cone cells (Fig A4.1A, B). This
expression pattern is interesting because it is a subset of that of pntP3, and the positions of these
three peaks are close to the 5S’UTR of pntP3 (Fig 4.2 in Chapter 4). Therefore these regions have
the potential to regulate pntP3 transcription. To confirm if these are essential regulatory regions
for pntP3 specifically, we can CRISPR deletions of the regions and see the change of pntP3
expression. I expect reduction of pntP3 expression in the individual deletions, although larger
deletions may be needed to reveal function if these three bound regions comprise a single
enhancer element. Once confirmed, these transcriptional reporters can be used to explore
transcriptional regulation of pntP3 under different genetic and environmental conditions as

discussed in discussion section 4.1.
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Fig A4.1 The expression of Reporter 8 and Reporter 7 in R3R4 pairs and in cone cells

Maximum projection of representative 3rd instar eye discs, oriented anterior left. R3R4 pairs (red
star) at the anterior, and cone cells at the posterior are marked by Sal expression (red, anti-Sal).
MF is marked by orange arrowheads. (A) Reporter 8-GFP showed expression in R3R4 pairs and
in the cone cells, overlapping with Sal. (B) Reporter 8-GFP showed expression in R3R4 pairs
and in the cone cells, overlapping with Sal. Scale bars: 10 pm.

A2.2 Materials and methods

Immunohistochemistry and microscopy

Details are the same in session A2.2.

Flies

The reporter regions were cloned (sequences in Appendix 5) and transcriptional reporters were

constructed for each one. Then the transgenes were integrated into the 86Fb AttP landing site on

the 3™ chromosome
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APPENDIXS: Sequences of the transcriptional reporters

Reporter 1
CATTGGGAACGGCGCTCTTTGGCAAACCGGATGAGGAGCTAACGGCGAATCGTGTG
GGTAACTTTAGTGCGGATGCAGATGAGATGAATCCTGAGGAACTGGGCAGCTATCT
GGAGGGTGATATGCTGGTGCCGCAAACGGATCTGATTATGAAAAATGGACTGCCCA
CTCAGTCCTCCCGTTGGCCAAATGGTGTGGTGCCATATGAAATCCGAGGAAACTTCA
ATGCCAGAGATATGGCCACAATTGAAAATGCCATTGGTGAGTACCATCGTCGGACG
TGCATTCGGTTTGTGAAGCGCAGCTCTGAGCGGGACTACATCTCCATTCGCGGCGAC
AACTCCGGCTGTTGGTCCTCCGTTGGTCGAGTGGGTGGCAAGCAGGAGGTGAACCTA
CAGTCTCCCGGCTGTCTCAGCCGTCCAGGAACCGCCATGCACGAGCTGATGCACGCC
CTCGGCTTCCTTCATGAACAGAACCGTATGGAGCGCGATGGTTATGTGGCCATCCAG
TACAACAATGTCCAGTCCTCGGCGATGAACAACTTCGAAAAGGCCGCCCGCACGGA
AGCCTTTGGGGTGCCCTACGACTATGGCAGCGTGATGCACTACTCCAAGAACGCCTT
CTCCATCAACGGACAGCCCACCATACTGGCCATGGTGAGTACAATGGTACCAAAAG
TCTCCTGGGTTTAACTTAACACTCTTCAATTTCTGCATTC

Reporter 2
TCAGATACACGTAATTTGCAGCATTCGCAGTTCACACACCGTCGCGAATTCTTAGCA
CTTTTGCGAATTAATGGCAATTAATTGTGAGCACTTCACGATCGTCGCTCTGGCACG
GGCGATAAATTAATGCGCATATCGTAACTATATGTACATTGTTTTCATTCCCCGCGC
GACAATCAGTATGTTTGGTGTTGTTGTTTTTCTTCTTTCGTTCCTTAAATTCACATTTA
TTTCTATTTTTTTTTTTTTTATCGTTATTGTGTATTTTGCGCGCCTTTTCCCCGATAAAA
AAAACAGAACAGAACGCGTTGTATGAGGGACCCAAGATCAAGTTGGGACCACTAGA
GTATGGTACTATATAGATGGTGGGATACTATATATACACAATGAGCATGCGACGTCA
GCTCTGCCACCTTCGACATCCGTTCAAGAACTGAAGTTGCTCTGAAGTTGCACTCGG
ATTGTTGGCTGCTCGTCGGCCAGCTCGGCATTCGCTCTCTCTTTCTGGCCGGGTTGCC
TCTCGCTCGCACTCAAACGACCGTGTGTGGGAGAGAGCGCTTCGTGTGTACTTCGGC
TCGACGACTTCGACTCGCATTCCGAGATACCGAGATACAGATACGAATGTGCCAATG
GCAAATAATAATAATCGAGTCCGAGAATACTTTCACAGGGTGTTTCTCACACGCTCT
CGCTCAATCAGCCATCCATCGACTGCTCTCTTAGTTAGTGGCAGTGACTAAAAAAAA
AAGCCACAGAGACTAAAATTAAATGGTACGCCGCTGCGCATTTAAGGCAAACGTTT
GCTTAAAGAGTTTCGTAGTTTCTACTTGTTGAATGGGAACTCTAAACGCAGCTTAAA
TTATCGGAATATTTGAATTTGCTTAATAT

Reporter 3
ACTTGGCCCCACTTTCAGATACACATATGTATTATATAAATTATTTTTTGTTTTGGCT
AATGAACAGCAAAAAAAAAAAAAAATGGTGGCCATAGCTCTGGAAACGTGTTTTGG
GGCATTTTTTCCGCTGTCCGTTAGCCAATGACAATTTGCTTTGGATTTTCGGGCTAAA
TACGAGTCCGAAACGTGAAGTCCAGAATGACACGTTCCCACTTCGAAAAGATAGAT
CCATGGCTGAGTGGTTAGAGATATTGAACGCCATAAAGAAGCCATAGGTGAGGTGC
ATTTTTCGCTTATCAGGTTTTTGGGGGCAGCTGCTCTTATCGGCGGGGGAATCGCTTG
TTGATTCTCAACCCGCTGATACAAATTGCAATGGCCTCAAGTGGTCGTCTTTTCTTGG
AAATCCCCAATGCACCTCGAGCTGATAAAGCACAAAAGTTATGCGCTGGGGTTATTA
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CACGAAACAAAGTTGCCAATTTAACGGCATACATAATAAATACGCATAAGGAAGCC
CCAAAACCAAACAGCTGTTGACCATGTTTGGTTGTGGCCACA Aaaggatggattgtttttttttttttttt
tttttggccacttaagaattcttgcagcacaatcatattt ATAATGtaaaatatatttaaaaaaatattttttCGTTAGCTTCTTGT
TTTTCCTTCTTTGATTTGCTGCGCAAAGTGCTGGAGAACAATAGAGAGACACAAAAA
ACACAAGCGGAAATACAAAAAAAACCCAGTGAAAGAAGCAGAGCTACCTTAATGC
GTGCAAGGGAGAGGGGCTACCGAGAGCGAGATAGATGATGCGCCTCGCTTACGACC
ATTTCCGGTTGAAGCACGTGCGCACATTTTGAAGAGGAGCGTAACCATCGAACCCCA
GCTACTCCTCCCATTTCGTCTCCTCCCAAAGACTGCACATGAAAAGCCACCACCAAA
GCAGAAAACCAATCACAATCTCATAAAACCGGCGACACTTCCACCAAAAAAGGGAT
AAAGAAAACAAAACAAGCCCCGAGTCTTCGTTTTCGTCTTCAGGGGAGTAAATGTA
GATCCTACTTGCCGAAAACGCACACGTTCGCAGCCAAGGGTTAACATAATAATTGTC
GTTGTCTTGAGTAAAAGCACACACAAAAAAAAAATCAGATCAAGCTAACTTAAATA
TATAATAACTATAAACATAAAGCGGAAAATCAAGAAACCTCAAAGTTAAAGCTACA
AAAGCAATTAATCCTTAAGCTTATACTAATATTTTCTAGCCTTAAATTGCATTAATCC
AAAACG

Reporter 4
CAATTAAAACTCGTTCTGTTCGCACAAAAGGATTACACATTTAATGCAATAAGGATT
GTCAGGGAGGAGGAGTTGCAGGAAGCGCCTACGGGAAGAACAAAGGCGGATGGGC
AAGGTACTCCCGAATCTAGGGATTCCTTCGGATGGGCCTGCCAACAACAGCTGTCGA
CTGACACTCGAGATCATCAGCCCATTCAATTGATATCAAATTGGAGTAGGATCCTTG
CCAGAATCTCGCTCGATCCTGTGCACGTGTACAAATTGCACTctctgagetetgagetetgagetetg
TATCCTATAATATGGTCTGAGCCCTATGCTCTGTCTTTTGTACCATATAGCACTGCAA
GCACTTCCGGCCCCATCCCGCTAATGTAAATCGGATGTCAATGCATTGCGCGTGAGG
CATATCAATTAAAAAAGACGAGGCGAGCGAGAGAGCAAGTGAGTGCGAGGCGAAA
ATGCCAGAGAGAACCTGTTAGAAGACAAGCCGCATAAATAAATAAACTGTTAGGCT
GGAAAACGGAAGGAAATCGTAAACACAAGCCAGTAGTTGTTGCTGATGTTTTGACA
CGCATACTATCATAATTACAGCTCCCAGTAATATCCATTTCCC

Reporter 5
CAGATTGTGTGAGCCTACGCACACAGATGCAGGTATCGCCCACACAATAACGATGA
GAGTGTGAGAAACTGCAGGCAGCCTGTGTTCCTCCTACGAACGCTTCAGCTCCCTTT
CCATGATCCTGCCTCCTGCCCTTTTCCTGGTTCCTTCTTCCTTGTTCCTTATTCCTTATT
TATTCCACTTTCTGTCCCCCAACTCCTCCACTTTCCTGTGTGTCTACTGTGTGCCTACT
TCGGGCGAACAAGATGCAGTCAAGCGATATAGGGATATTAGAATGCCCGACATGCG
GAGCCAGGGGATCTATGGATCTCAAGATCCGCAGGGCCGAAGGGCAGAGGAGGGA
ATCTACCTGCCGGGCCACTTTGGGCTTGCCTAATTTACTTGTGCCCTTCTTGCCGCAT
TGTTCTTGCAGTTTTCATTCATAAAATCTGAAATCTCTACCCTGGCGAGGCATTGAAC
TGGTCTGTGGATAGGATCAGAATAAAGGAATCTCAAGGTGCATCGATTCGGAACTA
AAGGAAGTAAATTACCGGATGTTGTCTACTCATTTGCCTGTTGTTCTTTTCGTATTCC
CTTTGCCCTTTTGCTTTTGATTCATCGAAATGTCCTGCGGGCAGTCCTTTGTGGACGA
CCTTGCTGTGCTGCTTGTTGCTCATTTTTCACTTGAAACCGAAACCAAAGCGAACAA
AACGAGCTGAATGCAAGCCAATAAAACATTTTGCCAATCCCTGGGATACACCTTTTT
ATTCTTGTTGTTGTTGCGTCGGCGGTTAGTGGGTATCGAATGGCACGATATCCTGGC
AGCCCTTTTAATTGCACACCTCGTATGCAATGA

194



Reporter 6
GCAGGCAGGTCTCAAACTGATTAAGATCAGAAAATACGGAAAATAGTTAAAGCCGA
AAGAGCAACATTAACGGAGACTGAGAAATGTTCAAGTTTTGCACAGAATTTACGAG
TTCGCTTTTGAGCCCGGCCAAATTGCATTAGCACCGGCCACAGGGGTAAAACGGGTT
GGCTGGGGAAATGAGAATTTTCCCACGTTCCGACTTTGGAAACTCAGGTGTTCGAGT
TGGACAAATTATTGCCGCAAATGTAGGCAATCCACACGAACTACGCGGCCAGTCAG
CCAGCCGAACAACCAGCACAAGGAGACGCCAACCCGAAGGACGCATTCACACACA
GGTCCTGTGCACGGTGGTTGCATCCACTGATAGGCATCGCACCACCAGCACCACTTG
CACCACTTGCACCCCCTATCATTCGAACCTGCACTTG

Reporter 7

CATATATCACAGCACCATTTAGCCATTAACAGATTGTCAGCATTAGCAAACGGGTTT
ACAGAACACACTGCAGCACTCAAACACACACACGTACTCCCTTCTGGAGATTTATTC
AAATTTGTTCTTATTTTTAATGAGTTCGATAAAAACAACACACGGAACGGAAAAATA
TATTTTGTAATTCGCTCGTCGTTCGTTCTGTGTATCTATCGGATAGCTGGATTTGTGA
AACCAAACTGAAACGAAACGATCGTATCCGTAGCTATAGCTGCATATCCTAAGCAA
AGCGAGCGAAGCGAAGAGAGAGAGCGCCAGAGAGCGCAACAAGTGGGAACGGAA
CTCGTAAATCTGGAAACCCTCTTGCGGAACGAAATGGAATTCATTCATAAAACGATG
CGAGTGCGTGTGTGTGCGTGCGCTCTCTCGGCTGCGTCTGTGTGTTGTGTGCTTGGAA
CGGAAACGGCCATCATCAGAGCAACAACAAGAGAAACAACAACTACAGCTAGTAA
AACAACAACGCCAGGTTGTTTGTTTAGCCGAGAGTAGAAGGCAAAAGGCAAGGGaaa
aaaaaaacaaaaaataaaacaaaacgcacagccacacgaaaaaattaaagcaaaaaactgcaagaaagagaacaaacacaaaTAAA
ACAGCCAGCGCTTGTTTTTTAGGCAACAGGTGACCAAATGTGCGATTATACAGGGTG
TAACAGGTGCACAAAATAGAAGTGTTTTAAAATGTCAGCATTACAAAAAACTATAC
ATCTTGGTGAGTTAAGTAATTGCTAAAAAGACCTGGGACTCAAATTAG

Reporter 8
TCCCCCTGCAATGACTCGAGAAATGCCCAGGCACACAGGCAATTTATGAATGAATTT
CTTGTGTTGCCTCACACGCGCATTCTTCTCAAAAGAAACTCCAGACAACGAACACAA
CGAAAACAACAACAACTAAAAAGAAGAAGACACCGATATTGTAGTAAGGGAACGC
TTCGTATTTCGAAGATACAATACCTCCAGGCGATAGAAGCAACAACAACAATCGAT
CGAGACGTCGACGTCGACAGAGGCCGCTTCCGCTGCTTCCGTTCGATGTATTGATAT
AGGGTGCAAAAGAGATGGCTAGATGCAGAACGGCCAGCGTGGAAAAGAGAAGATA
GTGGCCAGGGCAAAGGAGAGGAGGAGGATAAGATAAAGCTATTATTATGATGACTA
CGCGACCAGGTAAATTTATGAATGGGATACGAAACGAAACGAGACGCGAAACATTG
ACTCCGCGGCTTAACGTCTATGAATGAATTGAAATTACGTGCGACGGCGACGGAGA
CGTAAGGGAGATCATTTGGTCATTATCACAAAACCGCATAATTGGCGACAAATGCA
GGGGAAACCCTTTGGCTTTATCTTCGCCACGACGTTTACCTGGACGGCACCGGAAAA
AATAACCAATCCGCTTGCTAGGTATACCAAAGTAAGCTATTTCATTAGTCACAATCT
TTAAGAACCAAAAGCCATATTGTATCTTTCAGTTAACTTGCCTCTCTATTTTCATAGC
TTTTCTTATCACATCAAATGAACTTCTTCTCTCAGTGTATGTTTTAGTCCCAAGGTGG
GCTGCGTGTTAAAGAAATTACTTCTCATAGCCATGACTATGGGCCCTGTACATATTT
G

Reporter 9
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GATTGTTTTTAGATCTGCAGCCGTTACTCAGGCTCAACTGCGATATTGAAGTCACGT
AGTCACACAAATGGCAAGCGATTGCATTGGATGTTACGATCTTTTCAATGCTAGACT
TTATGGCTTCAAAATGGCAATCTATGCGAGGCCCTTTCGTACCAGGCACCCGCTTTG
GTCTTATTTAATCGGGCACTAAGTAAATGGAGATTGGAAACTGTGTTCGTGTTTCGT
GGGTGGACTTGTGCCAATCTTAAAGTGTGAGTAATTGCGCAATTAGCACACGAGTCT
GAAGAAATCTTATCGCAATTCCCAGAAATGGGACTCGAGCGAAGTACTAGCTGAAA
TTTATTAGTGCAGGTTATTTTTGAACCCAATACATCTTATCAGCTGAAGACCTGGCTT
CCGATAACTTGGCCGAGTGTCGAGTGTTCATTCATAAAAAGTCGGAAAACGATCGG
CGTATTTCAGCGCGTAAGCGTGGACAATGAAATTCTATTTCCGTTTCCTGTTGTGATC
AGATCGTTATCGAGCGATAACCGGAGAAATTTCAAATTTAATGGAGTGTCTGATTGT
CGA

Reporter 10
ACGTATGCATGACAGGAGGCATGGAGTTGGAGTTGGAATCTTGAAAAGGGGGAGTG
AGCgtgtgtgtgtetatatgtatcgtgtgtgteCGGGGAGTTTTCGATATAAAAATAATTGCAGGAATT
GTATGTTGTTGACGACGTTCGAAAAAGAAAAAATACAAAAAAATAAAAGGCCATAT
AGGAAAAAATCAGCGAGACGATCGGCTTCTTCTTGTTGCACTTTTGCAGCTGAAACA
GCAAAAGTAGAAAGAGACGGGGCGAAGCAAGTGTAAAAGAGAAGTGCGCTGGCTA
ACAAGAAGAAGAGGGAGCTGTGCGACCCTGGTGAAAAAATAAAAAAAAAATGGGG
GGGGGGGGAAAAGAAAGAACCGAGGAGTTGTCGTACGAAACTTACTACACCGGAA
ATATAAAATTACACACTCAACACTTAAATGGCAtgtgtgtgtgtgtgtgtetetsCGAGTGAGTTG
CATGCTGCAGTTGAGATTCTTCGAGATACGTGGAGATGCAGTGCGTCACGTCTACAG
GGTGCAAAACGATCGAACCCAATTTGACCGATTGTTCCGTCGGCAAAGGGCAGGGA
AACGCAAATTAATTGCCCAATTTGAAAGGTAGGTAGTAGCCCCCATTCGACAATCAA
TGGACATGAAAAGTGTTGCACCTCAGGTGTGTTCCATAATTATGGGAATATTTATTT
AGCCAACTGCACGAGAGAATGATTTACGCACGAAGTGCGCATAAAGCGGATTATAT
TTATGGCATTTGCTGGGGATTAAGGGTGCAAATACGGTGTAGAAAATCCCAATATCA
AGAGAGTGAAATTTTGAGAAGGATATGAAAGTGAAGGGTCCTCAATTGGAAGGGTC
CAGCAATAATATCAATTAAAAGATGATGCAT

Reporter 11
TCAAATTACACAGATACTCACTCGCACACAAGCACAAGCGAAGGCGAGGACTGCCG
AAAGATTAACAACACACAATATGTCTGTGTCCTGCAGCTTTTACCTGCTAATGATCC
TAATGAAAAGATCGCATACCCTCTCTTTTGGCCGCGGTCATGTCCGACTTGTTGAGT
CCTTTGGCGGCTTTTGACCCCTCTCCACTCCCCCAATCTGCGGACGATCAAGGACTCT
GCTCGCTTGGCGTCTGTGGCGTGGGAAAAATCGGTCCAAAAAATCGCTCCTTCTGTT
CGGTTTCTCTTTTTCCCCCATTTAATATTTCTTTCTTTTTTTTTTTGGCAAAAAAAAAT
ATTTCTCAAGCCGCGCCGAGATCTTGTCTCCCCCTTCAATAATTTCTGCACTGATTTT
TCGAAGGGGACTCAGTCTGGATTTTTCGAACTGGACTGAGTCACACTGCAACAGGTA
GTGAAATTCAATGGCTGATTACAAAGGCAACCCGCTGTCTAGTAGCCCTCAAAAGTC
CAGCAGACAGCTTGACCCTGCGATAGTTATGCATACATATGTACATATATGCAATAT
ATACTCACTAACAGTAGATAGGCCATGGTTGCTGGCAAACATTCTTGACTCATTGCC
GATAAAGTCCGGAATTCTAGGAAACATTTCGAGCTGA

Reporter 12
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ACAAAATAGTAGATTGGCAATTAGATTTTTCGAAAAACAAAGGCTTTTGTTCAATAC
GAATTTGGTTTAAACATTCTTAAAAGTATAGTTAAGGTTAGTTTTCAAGATTTTTTAG
AATTTCAGCGACTTGGTTGCAAAATCCCAACTAAACCATAATACCCTACACTACACT
GCAGGGTATAAAAAGGCAACGACGACTGCAGTTGGATTTCGAGCCAAAGTCGACGC
GCCCACGGGCAGCGACagaagaagaagaagatgagaagctggagcagecgataaaagaggagecccaaagacaaagee
ggagaacaagaagaagagtaagagccggtttgcaggaacaagectagaagaagaggaagaaggaagaggagCACTGGTGG
AGTGGAGGAGGGGAGGGGGCGACGGGGCAATGCAGGCACACGCAAAAAAGGAAG
GAAACAAACATCAAGCCCCAATGACAGAGGAAGCAACCACAACAACAACAAATGG
CCGTGGAAGAAGGGGAGACAGCGGCAACAAGATCCACTCGTCGCTGGCTCTTATCC
CCACTCCCATTCCCAATTCCATTTCCATTCCCCCATTCATCAACTGCATTTTAATTCTT
TTTTGGTTGTCTTTGCGTTTTGTTTTTTTTTCTTCGTTTTATTATTCGAGAACCAACTA
GTTTTGTTGTTTTTTGCTGCCTGGCGAGTATGAATGAAAACGAACGTGTTTCTTGGAG
AGCGGGAGCCCCAATTTGAGAGCGGGAGAGCGCTGGGGAGCAGCGGCGCCGGCAG
CGACGTCGACAGCGCGGGGATGAATGAAATGAGCAGCAAAATGAATGAAAGTTGTG
GGGCTCGCGCAGTCAACGTCGCTGCCAGCGTCAACGTTAGGCTCTCCCGATCTCTCA
CTCTCCCACTCTCCTTGTGAAGAGAATTTGTATATTTTTTCTACTTTTTATACAAATCA
TAGCGCACATATTTAATAAGCGAAAATATAATTTGCTTTATTTATTgtttcgtttggttcatttcgttt
cgttttgtttc TTGTTATTTTCAAAGTTTATGATTAATGAGAGATGATTACGGCGTGTGAGTG
TGCGTGCGTGAGTGTACTTTTGTATCTGTGTGCGCGTATAATTAAAATAAGGGCAGC
CTTTTGCATACACTTGCAAAAAAAGGATTTTTTTTATTTCTGCTAAGAAAAAATTGTT
TTTGCACTGTTTTAGTCATTCCAATTGCAGGAGTCCGAAATGGTTTTAAACGTACAAT
ATGATTACGTTATTATATTTTTAATAAACGATTTCCCAAGGTTTTATGCATTTTAAGT
ACATTTAGATTTCAGGGCGACCCTTATGCCAAGTGTATCT

Reporter 13
TTTGACTTGCTCAAACGAGGGAACTTTGTCTGCGGGAATGCCATTAATGATAATGGA
GGTCAGAGTAGTCAAACGAAATGCTCCGTAAATATCGTAATCAATTGCTGAGCGAA
TACCAGCTGAATTCACATACTCAATTGGAATCCAATTTTTGGAGCTCTACGATCCAC
AAGGCTTCAATTACTGTTCAGACTGATGGAAACCCAAAACTTGGCTCCTTCTAAAGG
CCAGACACTTCGGATTGGATTACCTGGCTGCATTTTCCAAGCGACTGCGCATGCGCA
TGTCCTTTTTCTTTTTTTTTGGGGGGGGGGGAGTGGTCACTGGCAGGGCAGCGGGGT
AAGGATCAGCTGGGGGTCAGGCTGTTGGCCCCGAAAGACCGGATGAAAGTGGTCAA
CGGCTCGGCGGGCCAACGGATATGCTTACCGCAGGCGATGTGTCAAATGCCTTCACT
CGGTCGTCAATTTCTTGGGGACACAAAGAATCCAAGGGAGTGGGAAAATAAGAGAA
TGACTGCTTTGCATAGCCGAAGATTTGGATACTCTTGTTATTTGAGGAGGCAGCTCT
ATTAAGACAAAGTTGGTTGGGCATACAATAACTGATCCTACTTAAGACGCAAAAAA
CTTAAATTACTTCAAAATAATCTAT

Reporter 14
GCAGATGCTTAAAGAACAGATTGTAAACGAATATGATCTTTTGATATGGTGCGCACT
CCTCGGCCAGacgacaacgacagcaacaactaaaacaccagcageggcaacaaATAGGGGTGCAATTTTTCG
ATGTGTACGTAACGGTAGAATACACATTTAGTCGCTGCTCTTTTCTTTCCCAGCGCCT
GGCCCTTTTTTCCTCGCGCTGAATGTAAAGAAGGGATCTCCGATCCGCTGATGATCC
TCGGGATGCCTGCCTGTGTACACATGTGTTGTTCTATCTGTCGCAGAACAGTCCGAA
CTGCATGTGTGTGCGGAATATCTATGTGTGCGGAGTATCTGTGTGTGTGGCATATCT
GTGCGAGTGTGTCGTCTTGTCTTGTCATGGGATCGATCTTGATCTCGGCCTGTCTGCA
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GCAGGTTGATACTTTTAGCATCGGTCCGGGCACAGAATCCGAGTTTAACGTGGCATG
GGGCAACGAACCAGCCCGTCGAACATCCACTGAACTGTAATTGTCTGTGGGTATTTA
TGGAAAAGGATCTTGAACTGGTCTTTCATTTCGGACCAGACGCTCGAGGAGGGAAA
GGGAGAGGAGCGGTTGGCGGTAGCTGGGCTCAATTATGATCCGACGATCGTCACAC
ATCAAATTATCGATTATGGCAATAATTTCTTATCATTCCCTTGTGTATTTTGCTCGCA
AATTGGTTTTTTTTAAATAGCCCAAGGGATATTAAACATGTCTTTAGAGTAGTTCAAT
GATCGTAACTCCTTAAATTATCGTTTTTTGGCTTTAAGACTGCGATAAGGACGTAAA
TCAAGTTTTATCATAGAAATAATAACAATTGATCTAAGCAAAATCTTATTGTAAAAT
TAATCATTTTAATGGTAACATTTTTATAAAATATGATATCGGTTAAGCCTTTAACTAT
CCTTTGATCTTTTTTGTATTAATAATTACTTTAATTTACATCCCAAATTGTAAGATCCT
TTTAAAAACCCTTTCAGGTAACCCAAAGTGCAGAACA

Reporter 15
TATAAAATATGATATCGGTTAAGCCTTTAACTATCCTTTGATCTTTTTTGTATTAATA
ATTACTTTAATTTACATCCCAAATTGTAAGATCCTTTTAAAAACCCTTTCAGGTAACC
CAAAGTGCAGAACAGGAAAGCCCCAATTATACATACTTTAAAACCGAAAGGTCAAA
AGAGTAGCACTCCGGTATCAGTTTTATTGATACTTAATTGTCTAATGCGATCGCTGTG
CTAGATTCTTGACCCTAACCAAAAACCGTTCACACATTCTCGATTACCAAACCCCTT
GGATTGATGGCCCGAAACGCGATCGTGGGGCAGGCGAAGCTCATTTGCCGCACCGG
AAGCTGTAAAAGGAACAGTAGTAATTTCGAGCGTGTTTCCCACAAGGGTTGTGGAA
GTGCCCCACACACACACACTCACGCACACTGGCGGCTAACTAGCTTGGCTATGATGC
CGAGTAGAAAACCAATTCAAATTCTGTTGGCCTGGCCAACAACGAGTTTATAGAGG
CAGCAATCCTGAATCGAGGCGAGATCGCGAGATCGGCGGATCTACCGAGCGGTAGC
CAAACCAGTTTTCTCCTAGATTCATTCAAGAAAACAGGCAACACCAACACAAAAAG
GGTTTACATGCACTCAAAAGAAACTCTCTAAATTTCATATTTTTAAGATAAATATGA
TTTAAAAGTTATATTTCAAAACTATATATCAACAGCAATTAAGAGATATATGGTTTA
TTATTTGTTTTCAATTGTTTTGTCTTTTAATTTTCGCTGGATTTTTGTTTCGAGTGTAG
GGAAAATAACAAAAACTAATACTTGAACTACTGT

Reporter 16

ACTCCGCAGCACCGATGACTATCTCTTGCTCGTTCTCTCTCTCTATCACGCTGTATAG
ATGTGTATGTTTTAACCCTCCGGTGGGATCAGCAGGTTGATTAGGGGGAGAGAGAG
AGGGATTACGTGCCGGGCACAAAGACAAACGAAAAACCGAAAGGAACAACTCGAG
AAGAAATCGGGGATCGGTTTAGCTCGGCTTATAAGACGCGAAAAGAAACAAACCGA
AAAAAGGCCGACGGATCGCTGGCAAACACACACACGCGCGCGCACACTCACACTCA
GGCACTCTCACGCGATGTTTGAGGAGATTTTTGTGGTTTTATGATGAATTTCGTATAT
AGAAATTGGTTTCCTGTGTTTCTGAACCGCGTTTTTTTTTCTGTTGCTGTTTGCCTTCC
TTTTTTTGATGTATATTGCGCGCGCAGATCTTTAGATGTTTTGCTATTGCACTCATTC
ACTTACACACTGGGTTTTTGCTTGGCTTGCAAAGTGTTTTGCATTTGTTATTTATTTGT
TATTTGATTCGTATAATTCATTCAAATCGAATTTACCGTAGCGCAAGTGCACGCTTCC
CGAAAGAAAGACAAAAACAGACTGACCGACTGGCAACAGGCGGCAGCGACGCCGA
CGTTGGCGCAGACGCAGCGTTGACGCCAACGCCGACGCACCT ctctcteegtttctetetetetttete
tcCGCTGCTAAGATTAATATTTTTTTGTGTTGCTCTGGCAAGTGATAACAAAAATGGC
AAATAATATGAAAATCGAGAGTTATATCAATCTGACTTATAAACATTATTCGCTATT
TTACTTGATCGCTGGAATGAAAACGAAAAGGCGTGGGTGATCCTCAATCTCGCTATC
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TCTTTCGCACTCGCACTAGAGCGTGCATCATGAGCGCAAGAAAAAAATGGAAATCA
GAATTACATATTTCGAGCAGCAAAAACAAAGTGTTTGCAGCGACAAAAAAATAGCA
ACAATTTATAAAAAAAATCTGCTTGCTCAGAACTCAGTGTAAGTGCGAATATGCGAG

AGAgtgtgtgggtecgt

Reporter 17
CCTTCAAACGGCGCTGTCGGCGCGTAAACTCAGCCTGGCCATGCCGATCCTGCTGGA
GTTTCCCCAGGCTGAGATTCATATCTCCGATGACGCTAGTTTGCTTTCTGGCCTTGAT
TGGCAGCGACAGGGCTCCAGGGCAGTGATACGCCACTTTCTGAATCTGAACAATGTT
CTTGATTTGATGTTGGATCAGTGTCGCTACTTCCATGTGCCCATTGGCAATATGCCGC
CGGATACTGTGCTTTTCGGAGCGGATCTTTTCTTCGCTCGCTTGCTGCAGCGGCATAA
CTTTGTGCTGTGGTGGTCGGCGAGTACCAGACCAGATTTGGGTGGCCGGGAGGCGG
ACGACAGCCGGCTGTTGGCGGAATTCGAGGAGAGCATTAGTGTGGTGCAAAACAAG
GCCGGTTTCTATCCGGATGTTTGCGTGGAGCTGGCTCTGGATAGCCTGGCGGTGAGT
GCCCTGCTCCAATCGACTAGGATTCAGGAAATGGAAGGCGCCTCATCTGCCATTACG
TTCGATGTGATGCCGCAGGTCTCGCTGGAGGAGATGATTGGCACTGTTCCGGCGGCC
ACCTTGCCGAGTTATGATGAAACGGCCCTCTGTTCCGCCGCCTTCCGCGTTATGCGC
TCCATGGTGAATGGTTGGTTGCGAGAGGTATCCATCAATAGGAACATCT
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