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1. Preface

Functions which guide development, maintenance and reproduction of living
organisms, together with functions which can lead to their death, are accomplished by the
activity of the factors encoded in their DNA. A success of conveying these functions is decided
at the interface between spatio-temporal abundance of these factors and environmental cues.
DNA transcription is the first step of delimiting their abundance. Thereupon, transcribed
factors are subject to (post-transcriptional) regulation, and if translated, are further (post-
translationally) modified, both of which shape their functionality and stability. This profuse
regulation of gene expression indicates molecular complexity and underlies diversity and
robustness of living organisms.

Understanding general laws driving life requires us to study diverse species and
different forms of their organismal complexity. One of the most valuable model of these
studies has been a fruit fly, Drosophila melanogaster. This manuscript contains results from
the study performed on this species in vivo aimed at determining DNA features through which
certain aspects of gene expression and its regulation are mediated. In the first chapter |
characterize enhancer, promoter and 3' untranslated (3’-UTR) elements and assess their role
in driving and regulating expression of two Enhancer of split (E(spl)) genes, Espl(m7) and
Espl(m8). In the second part, | identify sequences and their attributes needed to support
transcriptional activation of a promoter by an enhancer located on the homologous
chromosome.

2. Chapter 1 Negative regulation of E(spl) genes

2.1. Abstract

bHLH-Orange proteins, like the mouse Hes and the Drosophila Enhancer of split [E(spl)]
proteins are transcription factors that, among a multitude of functions, are implicated in
maintaining the undifferentiated state in many stem-cell based systems. For instance, they
antagonize bHLH proneural activators and suppress neural fate. Their levels have to be
exquisitely regulated to achieve a precise balance between proliferation and differentiation.
For this reason they are subject to multi-tiered regulation.

During my PhD research | have tried to understand how the expression of two
neighboring E(spl) genes, E(spl)m7 and E(spl/)m8, is regulated and how this regulation impacts
biological processes controlled by their protein products. | have provided description of their
enhancer, promoter and 3' untranslated elements and scrutinized the role of these elements
in specifying spatio-temporal abundance of the E(spl)m7 and E(spl)m8 proteins. | demonstrate
that compromising transcriptional negative autoregulation and translational repression can



have dramatic consequences on the expression levels and the activity of these two genes.
Thus, both regulatory modes are essential in determining level-dependent functions of
E(spl)m7 and E(spl)m8.

2.2. Introduction

2.2.1. E(spl) and Notch

Enhancer of split was identified as a spontaneous dominant mutation which enhanced
duplicated bristle phenotype of the recessive Notch allele split (Welshons 1956). Subsequent
analysis distinguished twelve protein-coding genes spanning 60 kb of the E(spl) locus (Figure
1) (Knust et al. 1987; Klambt et al. 1989; Delidakis et al. 1991; Delidakis and Artavanis-
Tsakonas 1992a; Knust et al. 1992). Seven of these genes E(spl)/mé, E(spl)my, E(spl)m8,
E(spl)m3, E(spl)m5, E(sp/)m7 and E(sp/)m8 constitute a group of structurally related genes
within the E(spl)-complex (E(spl)-C) (Klambt et al. 1989; Delidakis et al. 1991; Delidakis and
Artavanis-Tsakonas 1992b; Knust et al. 1992). They encode paralogous basic helix-loop-helix
(bHLH) transcription repressors with an “orange domain” (bHLH-O proteins), and together
with four other Drosophila genes (hairy, deadpan, similar-to-deadpan, and her) form the
group of Hes genes (hairy and enhancer-of-split) (Delidakis et al. 2014). Additionally, Hes
proteins contain a stereotypic terminus tetrapeptide with the amino acids tryptophan,
arginine, proline, tryptophan (WRPW) through which they interact with global co-repressor
Groucho (Gro) (Paroush et al. 1994; Jennings et al. 2006), and, consequently, through which
they exert their repressive function (Giebel and Campos-Ortega 1997; Giagtzoglou et al. 2003,
2005).
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Figure 1 Organization of the E(spl) locus. The coding regions of E(spl) bHLH genes are boxed. The region of
interest for this study encompassing E(sp/)m7 and E(sp/)m8 is indicated with brackets. Below, the span of two
deletions of the E(spl) locus used in this study is indicated with dashed line.

Loss of the E(spl) locus results in hyperplasia of the embryonic nervous system, so
called “the neurogenic phenotype”, thus indicating its important role in embryonic
neurogenesis (Knust et al. 1987; Preiss et al. 1988; Delidakis et al. 1991; Delidakis and
Artavanis-Tsakonas 1992b; Schrons et al. 1992; Nagel et al. 2004). It was later shown that this
phenotype is due to the lack of the activity of the bHLH genes of E(sp/)-C and that these genes
are transcriptionally activated by Notch intracellular domain (NICD) (Bailey and Posakony
1995; Lecourtois and Schweisguth 1995). Notch signalling plays a central role during animal
development endowing adjacent cells with a communication system to coordinate their fates
with those of their neighbours (Artavanis-Tsakonas et al. 1995). In a simplistic model, the
Notch transmembrane receptor is triggered in one cell via direct intercellular contact by the
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binding of a ligand protein contained on the membrane of the other cell. This activation leads
to the cleavage of the NICD and its translocation to the nucleus where it interacts with DNA-
bound Suppressor of Hairless protein (Su(H), CSL in mammals) and the co-activator
Mastermind (Mam) to stimulate transcription of target genes (Bray 2006). Thus, genes primed
for activation are pre-bound by Su(H) which acts in the absence of NICD as a repressor (Furriols
and Bray 2001). Genes of the E(spl)-C are not the only targets of Notch but by far the best-
characterized and the ‘fastest’ responders of Notch activity; their induction can be detected
within 10-30 min of Notch activation (Krejci and Bray 2007; Housden et al. 2013). The E(spl)
genes are small, intronless and their products exhibit very short half-lives (Delidakis et al.
2014; Kiparaki et al. 2015). These features allow them to react quickly to activation and
cessation of Notch signaling (Delidakis et al. 2014).

During the process of “lateral inhibition”, the selection of a single neural precursor
from a group of equipotent cells relies upon such intercellular communication and activity of
the Notch and E(spl) bHLH proteins (Artavanis-Tsakonas et al. 1995). In the developing embryo
lateral inhibition singles out neural precursor cells from neuroepithelial cells (Artavanis-
Tsakonas et al. 1999). Deficiencies of the E(spl) locus result in embryonic lethality due to
overcommitment of neural precursor cells and concomitant loss of ventral and cephalic
epidermis (Lehmann et al. 1983; Delidakis et al. 1991). This neurogenic phenotype exhibits
wide range of severity which roughly depends on the size of E(spl) deficiency due to functional
redundancy of the seven E(spl)-C genes (Delidakis et al. 1991; Schrons et al. 1992).

A situation analogous to that for embryonic neuroblast (and epidermal precursors)
specification takes place in the developing wing imaginal disk to single out sensory organ
precursor (SOP) cells, from which adult peripheral nervous system (PNS) organs arise (Ghysen
et al. 1993; Modolell and Campuzano 1998). A single SOP is selected among a cluster of
competent cells by lateral inhibition to give rise to a bristle sensillum of the imago of
Drosophila (Huang et al. 1991). SOP fate depends on the expression of the proneural bHLH

IlI

transcriptional activators, encoded by the “proneural” genes of the Achaete-Sute-Complex
(AS-C). Initially, AS-C genes are expressed within the so called “proneural cluster” (PNC), a
group of 20-30 cells from which one or few SOPs will be selected (Gomez-Skarmeta et al.
2003). Notch signalling is also active in all the cells of PNC, however, with the lowest level of
expression of its target genes in the presumptive SOP (Jennings et al. 1994, 1995). This
correlates with spatially inversed expression pattern of the proneural bHLH factors, elevated
within SOP (Jennings et al. 1994, 1995). Proneural transcription factors trigger expression of
the proneural genes as well as of Delta (DI) - a ligand of Notch receptor (Heitzler et al. 1996).
In this way, SOP cell activates Notch signalling (and consequently E(sp/) genes) in the
neighbouring non-SOP PNC cells (Simpson 1990; Cabrera 1990; Jennings et al. 1994; Bailey
and Posakony 1995; Lecourtois and Schweisguth 1995; de Celis et al. 1996). The E(spl) bHLH
factors prevent non-SOP PNC cells from becoming a SOP by reducing the activity of the bHLH
proneural factors and by repressing treanscription of the proneural genes (Lecourtois and
Schweisguth 1995; Heitzler et al. 1996; Giagtzoglou et al. 2003; Miller et al. 2014). Thus,



acquiring neural cell fate appears to be an outcome of the interplay between the proneural
bHLH activators and the “anti-neural” E(spl) bHLH repressors.

2.2.2. Regulation of E(spl) gene expression

The seven E(spl) bHLH genes exhibit similar spatial pattern of expression during
embryogenesis and high homology in the sequence of the proteins they encode (Klambt et al.
1989; Delidakis and Artavanis-Tsakonas 1992b; Knust et al. 1992; Wech et al. 1999). Together
with the observations that these proteins might functionally replace each other and more than
one has to be mutated in order to achieve the complete elimination of the E(spl/) function in
neurogenesis, led to conclusion that the E(spl) locus originated as a result of gene duplication
and that its members are functionally redundant (KIambt et al. 1989; Delidakis and Artavanis-
Tsakonas 1992b; Schrons et al. 1992). However, the entire E(spl) gene complex exhibits high
conservation among other Drosophila species, indicating that all of the genes as well as their
organization are of functional importance (Maier et al. 1993). Although, E(sp/) bHLH genes are
transcribed in a nearly identical pattern during early embryogenesis, their expression in late
embryonic, larval and imaginal stages appears to be regulated by different sets of tissue
specific factors (de Celis et al. 1996; Wech et al. 1999).

Sequence analysis of the promoter-proximal upstream regions of E(spl) genes revealed
number of cis-regulatory elements and their high evolutionary conservation (Nellesen et al.
1999). Three classes of Su(H) binding sites have been identified: (1) single sites (TATGGGAA),
(2) Su(H)-paired sites (SPS) — a configuration of two single Su(H) sites in opposite orientatiation
spaced by 17 bp (as in the promoter-proximal upstream region of E(sp/)m?7, see Figure 2), and
(3) SPS sites with closely linked binding site for the proneural bHLH activators — the so called
Ea-box (SPS+A; as in the promoter-proximal upstream region of E(sp/)m8, see Figure 2) (Bailey
and Posakony 1995; Nellesen et al. 1999). Su(H) binding sites integrate activation (via Notch)
and repression (in the absense of Notch signal) of E(sp/) genes (Furriols and Bray 2001).
Consequently, the expression of E(sp/) bHLH genes is lost upon depletion of Notch signal, while
overactivity of Notch results in their elevated and ectopic expression (Jennings et al. 1994,
1995; Bailey and Posakony 1995; Lecourtois and Schweisguth 1995; de Celis et al. 1996;
Wurmbach et al. 1999; Nellesen et al. 1999; Lai et al. 2000).
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Figure 2 Cis-regulatory elements of E(sp/)m7 and E(spl/)m8. Putative enhancers of E(sp/)/m7 and E(sp/)/m8 — e7
and e8, respectively, are indicated with horizontal lines; promoters of these genes (p7 and p8) are shown as bent

4



arrows, CDSs as black pentagons and 3’UTRs as rectangles. Identified regulatory sequences are marked with bent
lines. SPS denotes Su(H) paired site; A — proneural binding site class Exbox, B1-B2 and C1-C2 mark two classes of
bHLH repressor binding sites (class Eg box and class Ec box, respectively); CTCF denotes putative CTCF insulator;
K and Brd in 3’ UTRs indicate specific microRNA-binding motifs recognized by miR2, miR6, miR11 and miR13 (K-
box) and miR4 and miR79 (Brd-box). 219, bant, 8 and 289 denote putative seed regions recognized by miR219,
bantam, miR8 and miR289, respectively.

Diverse expression patterns of various E(spl)-C genes in late embryonic and larval
tissues depends on, in addition to Notch, other spatiotemporally restricted transcription
factors acting in a context specific manner. For example, expression of E(spl) in adult muscle
precursors in the developing wing disk requires a combination of Notch and Twist activities
(Bernard et al. 2010). In the wing disk’s PNCs, however, this expression depends also on the
presence of proneural bHLH AS-C factors (Kramatschek and Campos-Ortega 1994; Hinz et al.
1994; Singson et al. 1994; Jennings et al. 1995; Nellesen et al. 1999; Cave et al. 2009).
Consequently, most of enhancer elements of the E(spl) genes contain binding sites for
proneural bHLH activators, CASCTG - so called Ea-boxes (as in the upstream region of E(sp/)m7
and, closely linked to SPS, of E(sp/)m8, see Figure 2) (Nellesen et al. 1999; Cave et al. 2009).

Besides Notch and proneural activation, the expression of E(spl) genes is further
modulated by a complex transcriptional and post-transcriptional regulatory network to ensure
proper outcome of their level-dependent function. E(spl) bHLH-O proteins are thought to
autorepress (Delidakis et al. 2014). In mice the E(sp/) homolog Hes7 is expressed in an
oscillatory expression manner depending on negative autoregulation: the Hes7 transcription
factor represses its own gene by binding to its promoter (Bessho et al. 2003). This repression
is short-lived due to the short half-life of the Hes7 mRNA and protein. In this way, Hes7
autonomously initiates oscillatory expression, which is crucial for the correct timing of the
biological clock controlling the formation of somites (Bessho et al. 2003; Kageyama et al.
2007). Another E(spl) mouse homolog — Hes1 also oscillates due to negative feedback and
regulates cell proliferation and differentiation of the nervous system (Kageyama et al. 2007).
There are several E(spl) homologs in other vertebrates showing a similar fashion of expression
(zebrafish herl and her7, chick chairyl), suggesting a crucial role of the negative
autoregulation of the E(spl) gene expression in controlling important developmental
processes (Kageyama et al. 2010). Although not directly demonstrated in Drosophila, the
dynamic pattern and the ample presence of the binding sites for bHLH-O repressors in the
enhancers of E(spl) genes implies their autoregulation. bHLH-O factors were shown to bind
with high affinity to the B-type E-box type sequences (CACGTG) and its variant Ec-box
(CACGCG), and with lower affinity to En-boxes (CACNAG) (Tietze et al. 1992; Oellers et al. 1994;
Ohsako et al. 1994; Van Doren et al. 1994; Jennings et al. 1999; Delidakis et al. 2014). Four of
the high affinity binding sites are also present in the regulatory regions of E(sp/)m7 and
E(spl)m8 (one Eg-box, B1, in the promoter-proximal upstream region of E(sp/)/m7, and, one Eg-
box, B1, and two Ec-boxes, C1-C2, in the upstream region of E(sp/)m8, see Figure 2). However,
most of the E-boxes in this region are represented by the lower affinity sites, Ex-boxes (N1-N3
upstream of E(sp/)m7 and N4-N8 upstream of E(sp/)m8, see Figure 2).



In addition to their complex transcriptional regulation, E(spl) transcript levels are
controlled by microRNAs binding to their 3’ untranslated regions (UTRs) (Leviten et al. 1997,
Lai and Posakony 1997; Lai et al. 1998, 2005). Sequence analysis of their 3’ untranslated
regions (UTRs) and subsequent mutagenesis studies revealed highly evolutionary conserved
motifs, so called K-boxes (UGUGAU, recognized by miR2, miR6, miR11 and miR13; present in
the 3’ UTRs of E(spl)m7 and E(sp/)m8, see Figure 2) and Brd-boxes ((AGCUUUA, recognized by
miR4 and miR79; present in the 3’ UTRs of E(sp/)m?7, see Figure 2), and their important role in
negative post-transcriptional regulation of Notch target genes expression (Lai et al. 2005;
Duncan and Dearden 2010; Bejarano et al. 2012).

2.3. Objectives

This study aims to characterize the contribution of transcriptional and post-
transcriptional negative regulatory elements in the expression of the E(spl) genes. Out of 12
genes residing within the E(spl) locus, two of them were chosen, E(sp/)m7 and E(sp/)m8. Both
of these genes exhibit a similar expression pattern; during early neurogenesis expression is
confined to ventral ectoderm (neuroectoderm) and in imaginal stages they are expressed in
nearly all proneural clusters in the wing discs (Knust et al. 1992; Kramatschek and Campos-
Ortega 1994; Singson et al. 1994; Jennings et al. 1994; Bailey and Posakony 1995; de Celis et
al. 1996; Wech et al. 1999; Nellesen et al. 1999; Cooper et al. 2000). This suggests that both
genes are essential for lateral inhibition within proneural clusters in both embryo and larvae.
E(spl)m7 and E(spl)m8 form a neighbouring pair of genes within the E(spl/)-C (Figure 1). The
fact that the E(spl)-C has developed by gene duplication and the similar or overlapping pattern
of expression of its genes may suggest the possibility of sharing common regulatory elements.

Current knowledge about processes regulating E(spl) expression comes from the
artificial expression systems where dynamism and sensitivity of naturally occurring E(spl)
expression is lost. | wanted to describe naturally occurring repressional events and their
importance in biological processes regulated by E(sp/) by the use of an intact genomic
fragment containing two E(spl)-C genes. The approach of this research is to (1) dissect and
describe spatio-temporal activity of the cis-regulatory elements necessary for E(sp/)m7 and
E(spl)m8 expression, and, to (2) test in vivo the function of the E(sp/)m7 and E(spl])m8 genes
with introduced mutations within their enhancer and 3’ UTR regions in the specification of
sensory neural precursors of the adult peripheral nervous system (PNS).



2.4. Results

2.4.1. Expression of E(spl)m7 and E(spl/)m8

In order to characterize the cis-regulatory elements patterning expression of the
E(spl)m7 and E(spl)m8 | cloned the 7 kb genomic fragment encompassing these two genes and
tagged them with EGFP independently in two otherwise identical genomic constructs: GFPm7-
m8 (EGFP fused to the open reading frame (ORF) of E(sp/)m7, Figure 3 B) and m7-GFPm8 (EGFP
fused to the E(sp/)m8 ORF, Figure 3 C). Due to strong post-transcriptional repression of both
of these genes (Lai et al. 2005) | have replaced E(sp/)m7 and E(spl)m8 3’ UTRs with the SV40
and the Adh poly A terminators, respectively. Consistent with the known in situ hybridization
expression patterns (de Celis et al., 1996), GFP-E(spl)m7 and GFP-E(spl)m8 displayed the same
pattern in wing imaginal disks from third instar larvae: (1) in the region of wing margin (WM),
and (2) in the adult muscle precursors (AMPs, or adepithelial cells) of the thorax, among other
cells (Figure 3 B, C). Likewise, both constructs expressed GFP similarly in eye-antennal imaginal
disks, whereas their central nervous system (CNS) patterns were different, especially apparent
in the Ventral Nerve Cord (VNC) where GFPm7 was expressed strongly in the midline, while
GFPm8 was mainly expressed in the neuroblasts.
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Figure 3 e7p7 and e8p8 interact in cis. (A) Schematics of a wing disk, an eye-antennal disk and two central
nervous systems (CNSs) with the areas of m7 and m8 expression marked in shades of black. WM: wing margin;
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AMPs: adult muscle precursors; OL: optic lobe; VNC: ventral nerve cord. (B and D) GFPm7 and (C and E) GFPm8
expression in wing disk, eye-antennal disk and CNS (in left, middle and right columns, respectively) from the
EGFP-tagged constructs shown in the diagrams on the left panel; red dotted rectangles highlight e7-specific
expression in the AMPs and in the midline of the VNC; blue dotted rectangles indicate e8-specific expression in
the WM and in neuroblasts of the central brain and VNC. Also note that both enhancers drive expression in some
common areas, e.g. the eye morphogenetic furrow. In the constructs' schematics enhancers are shown as ovals
(e7 and e8), promoters as bent arrows (p7 and p8) and insulators as triangles: black triangle: gypsy insulator (Gl);
red triangle: Wariinsulator (WI), included in the 3' of the mini-white marker gene. Blue and red curved arrows in
the diagrams depict, respectively, e7 and e8 activities which are shared between p7 (B) and p8 (C) in the wing
disk.

| went on to characterize the patterns produced from individual enhancers located
immediately upstream of E(spl)m7 and E(sp/)m8 by generating shorter genomic constructs,
GFPm7 and GFPm8 (Figure 3 D and E, respectively). GFPm7 contains e7p7 — the 2.1 kb
sequence upstream of E(sp/)m7 containing its putative enhancer, e7, and promoter, p7.
GFPm8 contains e8p8 — the 1.3 kb 5’ flanking E(sp/)m8 sequence, containing its putative
enhancer, e8, and promoter, p8. GFPm7 and GFPm8 recapitulated the expression patterns
seen for these genes in the longer m7-m8 transgenes, with two notable exceptions in the wing
disk: GFPm7 lacked the wing margin (WM) (Figure 3 D) and GFPm8 lacked the muscle
precursors (AMPs) (Figure 3 E). Therefore, these E(spl/) genes contain two upstream
enhancers, e7 and e8, which drive distinct expression patterns in the CNS and in the wing disk
and similar patterns in the eye disk. In the context of the genomic fragment encompassing
both genes, e7 and e8 are shared between promoters of the two genes, p7 and p8, in the WM
and AMPs (both genes expressed), but they act exclusively on their downstream gene in the
VNC midline (only m7) and the neuroblasts (only m8). Therefore, enhancer affinity for a given

promoter can be modulated according to cell type.

2.4.1.1. Wing disk

| went on to characterize extensively these patterns in larval tissues. For a detailed
expression analysis in the late third instar wing imaginal disk, | have used the serendipitously
obtained “genomic” transgene expressing (under control of both enhancers, e7 and e8) GFP
fused to the ORF of Espl(m7) such that the ORF of Espl(m?7) is out of frame (see construct
scheme in Figure 4). Thus, only GFP is translated in frame and is localized in a cytoplasm as it
lacks nuclear localization signal (NLS) located within the ORF of Esp/(m7). This transgene
provided the greatest sensitivity of the e7 and e8 activity as it is bona fide GFP reporter
construct of the two enhancers (lacking post-transcriptional regulation due to the use of SV40
3’ UTR, and, post-translational modifications which are otherwise deposited on the fused and
translated E(spl)m7 protein and make it highly unstable (Kiparaki et al. 2015)).

The wing primordium expressing this transgene was immunostained against GFP and
Senseless, a protein marking SOPs (Nolo et al. 2000). These sens-positive cells are singled out
from clusters of cells (PNCs) through a process of lateral inhibition and will develop into the
large sensory bristles (macrochaetes) of the thorax later on (Modolell and Campuzano 1998).
Both, the number and arrangement of macrochaetes on the adult body and the number and



position of SOPs in the PNCs of the wing primordium are precisely spatially and temporally
determined (Modolell and Campuzano 1998; Koelzer and Klein 2003).
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Figure 4 e8 but not e7 is active in most of the PNCs of the late third instar wing disk. Sens (red) and GFP (green)
expression from the animals carrying e7/e8-GFP reporter transgene (shown top right, see also text). Schematics
of the lateral sections of the wing disk (top right) show the z-stacks used to project images in A-C; red cells denote
SOPs, a group of a blue cells at the bottom of the disk — the AMPs. (A) A full z-projection of the wing disk’s
confocal stacks. (B) High-resolution full z-projection of the wing pouch. (C) High-resolution partial z-projection of
the notum and hinge. Site nomenclature and SOP assignment (white letters, in the sens panel of B and C) are
according to (Cubas et al. 1991; Huang et al. 1991). vR, sensilla of the ventral radius; vHCV, sensillum of the
ventral humeral cross vein; WM, chemosensory bristles of the anterior wing margin; TSM, twin sensilla of the
wing margin; L3, vein L3 campaniform sensillum; ACV, campaniform sensillum of the anterior crossvein; GSR,
giant sensillum of the radius; dR, sensilla of the dorsal radius; Teg, sensilla and bristles of the tegula; anWP,
companiform sensilla of anterior wing process; aNP and pNP, anterior and posterior notopleural; pSA, posterior
supraalar; aPA, anterior postalar; trl, trichoid sensillum; pDC, posterior dorsocentral; aSC and pSC, anterior and
posterior scutellar. Nomenclature and PNC assignment (yellow letters, in the gfp and merge panels of B and C)
are named after their sensilla and according to (Modolell and Campuzano 1998). Note, that from all identified
SOPs, GFP expression is not detected only in the vicinity of the ACV in the wing pouch. (D1-D3) and (E1-E3) show
LacZ (green)/ Sens (red) patterns from e7p7-lacZ and e8p8-lacZ reporter transgenes, respectively. (D1 and E1)
are full z-projections, (D2 and E2) show z-stacks of the notum containing AMPs, and (D3 and E3) show AMPs’
underlying sections where most of the SOPs are present. (F) is the notums’ AMPs sections with the activity of the
e7p7-lacZ immunostained against LacZ (green) and myoblast specific marker cut (blue). (G) shows the activity of
e7p7-lacZ (green) in the AMPs underlying sections counterstained with sens (red) and cut (blue). Cut also stains
all cells of external sensory organs. Note, that e7’s activity is detected weakly around pSC (D2) and aPA and pDC
(G).

Full z-projection of the wing disk’s confocal stacks (Figure 4 A) reveals GFP expression
pattern characteristic to the activity of both enhancers, e7—in the AMPs, and e8 —in the WM,
as it was seen in Figure 3. A closer examination of the full z-projection of the wing pouch
(Figure 4 B) and the sections underlying the AMPs (Figure 4 C) show that these enhancers are
active also in most, if not all, PNCs.

Examination of the expression patterns obtained from individual enhancers (Figure 4
D1-G) revealed that e7 is not active in most of the PNCs where e8 is active; with the exception
of the PNCs of dorsal and ventral radius of the wing pouch (Figure 4, compare D1 to E1) and
few cells underlying the AMPs in notum in only two PNCs (aPA/trl and DC where also cut is
expressed Figure 4 G). Moreover, counterstaining with cut — myoblast specific marker
(Blochlinger et al. 1993) shows that e7 (but not e8) is active in a subset of the AMPs (Figure 4
F).

2.4.1.2. Eye-antennal disk

Since both enhancers are active in virtually identical pattern, | characterized the
expression pattern obtained from e7p7-lacZ reporter transgene (Figure 5). The activity of e7
is evident in the antenna primordium, morphogenetic furrow (MF) and the photoreceptors.

10



<
Z
=
w
—
Z|
<

Figure 5 e7p7-lacZ expression pattern in eye-antennal disk. Confocal image of the eye-antennal disk expressing
e7-driven LacZ (green), counterstained with Elav (blue) and Phosphohistone H3 (PH3, red). Elav marks
photoreceptors; morphogenetic furrow (MF) is composed of cells anterior to photoreceptors which are devoid
of mitotic cells expressing PH3.

2.4.1.3. CNS

| have examined expression patterns of the genomic transgenes from Figure 3 in the
third instar larval brain. e7 activity is evident in the midline of the VNC (Figure 6 Al, A2, A6),
optic lobes (OLs) ((Figure 6 A1, A3, A4), and in cells dispersed within ventral and dorsal central
brain (CB) (Figure 6 A3, A4) and ventral thoracic ganglion (Figure 6 A5). The latter (dispersed)
signal represent two cell types: neuroblasts (NBs) with weak expression of GFPm7 (large cells
stained against Cyclin E (CycE) in blue, Figure 6 A3-A8) and early Hey-positive neurons
(Monastirioti et al. 2010) with strong GFPm7 expression (small cells within population of red-
stained (Elav) neurons, Figure 6 A3-A8, and, Figure 6 E, where staining against Hey, in red,
reveals that these cells are a subset of Hey-positive neurons). OL's expression of e7-driven
GFPm7 is detected in neuroectoderm (NE), lamina precursor cells, subset of medulla NBs and
neurons, and inner proliferation center (IPC) (Figure 6 A9-A9'").

e8p8-driven GFPmS8 is detected in OLs, CB and ventral side of the thoracic ganglion
(Figure B1-B6). The e8 activity is strongly associated with NBs where the GFPm8 is expressed
at higher levels than the e7-driven GFPm7 (Figure B3-B9). However, it is detected also in Hey-
positive neurons but seems to be expressed in fewer cells, mostly surrounding NBs type 2 and
at lower levels than e7-driven GFPm7 (Figure B7-B8, F). In the OLs GFPmS is highly expressed
in the NBs of medulla and NE superficially (Figure B9-B9') and in the neurons of medulla (weak
expression, Figure B9') and the IPC in deeper sections (Figure B9'"-B9'").

GFPm7 and GFPm8 expression patterns from long genomic transgenes look very
similar to the patterns obtained from their respective shorter transgenes (Figure 6 C1-C6 and
D1-D6, compare to A1-A6 and B1-B6, respectively), however, some differences were noted.
Hey-positive neurons express GFPm7 more frequently than it was observed with any of the
short genomic constructs (Figure 6 C7-C8, compare to A7-A8 and B7-B8; F). The latter
observation suggests that e7 and e8 enhancers are active in different subpopulations of Hey-
positive neurons. Similarly, more Hey-positive neurons express GFPm8 from the long genomic
transgene (Figure 6 D7-D8, compare to A7-A8 and B7-B8; G, compare to E and F). And,
although, the e8 enhancer (in a "long" genomic construct) does not seem to affect expression
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of GFPm7 driven by e7p7 in NBs (as it is detected equally weak as with "short" genomic e7
transgene, Figure 6 C7-C8, compare to A7-A8), the e7 enhancer induces weak expression of
GFPm8 in the midline of the VNC (Figure 6 D1, D2 and D®6).
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Figure 6 Expression of E(sp/])m7 and E(spl)m8 in larval CNS. Analysis of the GFP expression patterns produced
from the short and long genomic transgenes in the third instar larval brains, using anti-GFP antibody. A to D
panels show different views and magnifications of the VNC from animals bearing indicated transgene stained
against GFP (green), embryonic lethal abnormal vision (Elav, red) marking neurons and Cyclin E (CycE, blue)
marking neuroblasts (NBs). (E-H) show staining with anti-GFP (green) and anti-Hey (red) antibodies in the area of
the central brain (CB) region of the animals carrying transgenes depicted above A-D panels, respectively. (A1, B1,
C1, D1) full z-projections (V+D), ventral sections (V) and dorsal sections (D) of whole CNSs. (A2, B2, C2, D2)
magnified view of the VNC containing midline cells (D). (A3 and A4, B3 and B4, C3 and C4, D3 and D4) ventral (V)
and dorsal (D) sections, respectively, of brain lobes (BLs). (A5 and A6, B5 and B6, C5 and C6, D5 and D6) ventral
(V) and dorsal (D) sections, respectively, of the thoracic ganglion of the VNC. (A7 and A8, B7 and B8, C7 and C8,
D7 and D8) magnified views showing type-1 NBs from ventral side of the CB [(V)-T1] and type-2 NBs from dorsal
side of the CB [(V)-T1], respectively. (A9-A9"" and B9-B9'") show sections of magnified BLs seen from ventrally
from most superficial layers (A9 and B9) until interior of a BL (A9"' and B9""'); Ipc - lamina precursor cells, NE -
neuroectoderm, M - medulla, IPC - inner proliferation center.

2.4.1.4. Embryo

Both, e7 and e8, trigger expression along the ventral midline at stage 7 (within 3 hours
after egg deposition (AED)) (Figure 7 A, the first and the second row). From stage 7 onwards,
although both enhancers are broadly active in the neuroectoderm, their activities start to
diversify. e8, unlike e7, shows strong activity in dorsal procephalic neuroectoderm and in stage
13 their expression patterns are mutually exclusive: e7 is active (superficially and laterally, in
stripes), in neuroectoderm specifying primordia of PNS organs and (in deeper sections, also in
stripes) in what seems to be clusters of a mesodermal origin, whereas, e8 is active in brain and
ventral nervous system (Figure 7 A, B). e7 is also active in the VNC midline in stages 10 and 12
(Figure 7 C4, C5), whereas, e8 is not (Figure 7 C10, C11). The e7 and e8 enhancers are not
shared between p7 and p8 promoters in embryo as patterns obtained with long genomic
transgenes are indistinguishable from their respective short versions (Figure A, B).
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Figure 7 Expression of E(spl)m7 and E(sp/)m8 in embryo. Analysis of the GFP expression patterns produced from
the short and long genomic transgenes in the embryo. (A) Full z-projection of embryos of different stages (7-14+)
stained with anti-GFP antibody (green) for each indicated genotype (in rows, see constructs schemes below). (B)
Subset of these embryos (stages 7, 8, 13) are shown with overlaid deadpan (Dpn) staining (in red), marker of
embryonic NBs arising below neuroectoderm from the stage 8 onward (note that, at stage 7 dpn expression is in
stripes and is not related to NBs). (C) A subset of embryos from panel A (C1, C7 - stage 7; C2, C8 - stage 8; C3, C9
- stage 9; C4, C10 - stage 10; C5, C11 - stage 12; C6, C12 - stage 13) embryos bearing short genomic e7- (C1-C6)
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or e8-transgenes (C7-C12) are shown as full z-projection, stack of superficial layers (neuroectoderm) and stack of
deeper layers (NBs sections, Dpn, red), respectively, in each panel (except of C1, C7 showing only full z-
projection). All embryos are imaged ventrally with anterior to top. Constructs schemes:

T7-GFP  (e?p7|[ifbl~7 il
T7-GFP-8  ep?|[aifblm 7> Bl 3 ps| D Bl

T8-GFP  (eops -2 il
T7-8-GFP (e7)p7| ) <3 pa| Gl 2 il

2.4.1.5. Pupa

For imaging of pupal e7 and e8 patterns, | used p7-gfp transgenes fused to either of
the two enhancers. Strong promoter activity of p7 (see Figure 35 in part 2), an enhanced
version of GFP (EGFP) and, translationally unrepressed, SV40 3' UTR of SV40 allowed me to
image native gfp expression patterns under fluorescent stereo microscope in living pupae
(Figure 8). The two enhancers showed distinct activities. e7 was active in dorsal longitudinal
muscles (DLM) (Figure 8 B1-B3, and laterally B5), antenna, proboscis, legs and eyes (Figure 8
B4). e8 was active in eyes, ocelli (triangle shape between the eyes) (Figure C1-C3),
microchaetal stripes (Figure C3') and in the presumptive Johnston's organ of the antenna
(Figure C4').

Szl B (e2>p? N

Figure 8 e7 and e8 activities in early pupal stages. Images were taken with the fluorescence stereo microscope
of the cephalic and notal parts of pupae bearing indicated transgenes. (A) enhancerless p7-gfp transgene shows
that p7 has no basal activity or that its basal activity is not detectable. To visualize GFP expression from e7p7-gfp
transgene, three different individuals were imaged dorsally (B1-B3), one ventrally (B4) and one laterally (B5). For
the e8p7-gfp, three different individuals were imaged dorsally (C1-C3), a zoom was taken of the notal region
from C3 pupa (C3'), one pupa was imaged laterally (C4) with a zoom of the presumptive Johnston's organ (C4').
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2.4.2. Analysis of enhancers of E(spl)m7 and E(sp/)m8

A 7 kb genomic fragment containing E(sp/)m7 and E(spl)m8 transcription units has been
mapped for previously known regulatory elements (see Figure 2). The enhancers of both
genes contain single paired Su(H) high-affinity site (SPS) and binding sites for proneural bHLH
activator proteins, class Ea boxes (Jennings et al. 1999). These boxes have been shown to
mediate activation and positive control of E(spl) genes and are necessary for their expression
in the wing disk’s PNCs (Bailey and Posakony 1995; Lecourtois and Schweisguth 1995; Culi and
Modolell 1998; Castro 2005).

A number of bHLH repressor sites have been mapped within enhancers of E(spl) genes
(suggestive of autorepression), although none of these sites have yet been shown to be
required for any functions in vivo (Culi and Modolell 1998; Jennings et al. 1999; Maeder et al.
2007). The bHLH repressor sites are represented by three classes of boxes — numerously
present within upstream regions of E(spl)m7 and E(spl)m8 class En-box (CACNAG); two Es-
boxes (CACGTG, B1 and B2) in each enhancers E(sp/)m7 and E(sp/)m8, and two Ec-class boxes
(CACGCG, C1 and C2) were found in e8 (Figure 2). The En-box is bound in vitro with much lower
affinity than Eg- and Ec-boxes, thus B-box class and C-box class seem to mostly contribute in
the transcriptional negative regulation of the E(spl) genes (Jennings et al. 1999). Subsequent
bioinformatic analysis of multi-species alignment between 12 Drosophilids indicates high
evolutionary conservation of the e7's B1, N1 and N2 sites, and e8's C2, N5, N6 and N7 sites
(Figure 9). The supposedly strong bHLH-O binding sites (B1 within e7, and B2, C1, C2 within
e8) were chosen for point mutation to asses their functionality in vivo.

| have generated a series of lacZ reporter constructs to validate the importance of the
identified cis-regulatory sequences of the E(sp/)m7 and E(sp/)m8. In order to avoid genomic
position effects and facilitate semi-quantification of expressed proteins all obtained
constructs were inserted into a defined position in the Drosophila genome using the ¢@C31-
based integration system (Markstein et al. 2008). Enhancer activities were tested in cis (LacZ
reporter) and in trans (by transvection to an enhancerless promoter-gfp transgene) (see Figure
10).
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(| N1 gtgactcgcactagcagctcGG
N2 AGAAAAATCTTGTGGGAAACTT
e’/ -
N3 acaccgaacaccagtggccata
_ [ B1 cgcggcGCENBEIECA CTATA
| B2 atttagga-taaaaaaa
Cl agtttcag-tctcgatt
N4 cattccggeacaaggcccacct
e8- [c2] gagtgtgolilBE@Egggcacac
N5 ggCCCACGCacaagcagttcgg
N6/N7 | CACGCCACGAGCCACAAGGATT
_ | N8 AGCTGTTCCttgtgaaaaagac

Figure 9 Evolutionary conservation of the Eg- and Ec-boxes of e7 (B1) and e8 (B2, C1, C2). DNA sequence of the
two Eg-boxes (B1 and B2) and two Ec-boxes (C1 and C2) found within enhancers of E(sp/)m7 and E(spl)m8 (their
core hexamers are highlighted in red) together with their flanking sequences were processed with EvoPrinter
http://evoprinter.ninds.nih.gov/ for identification of evolutionary conservation among 12 Drosophilides. Bold
capital letters represent bases in the D.melanogaster reference sequence that are conserved among all 12
Drosophila species (D.simulans, D.sechellia, D.erecta, D.yakuba, D.ananassae, D.pseudoobscura, D.persimilis,
D.willistoni, D.mojavensis, D.virilis and D.grimshawi). Bold small letters indicate less conserved bases shared
among 8 Drosophila species (with the exception of D.persimilis, D.willistoni, D.virilis and D.grimshawi).

Mutating B1l-box did not affect expression levels obtained from the wild-type e7,
suggesting that this box does not mediate repression (Figure 10, compare B to A and B’ to A’).
| examined functionality also of other features of the e7p7 module. Deletion of the p7
promoter did not completely abolished expression in cis (Figure 10 C, notice extremely faint
e7-specific expression of LacZ), suggesting existence of a cryptic promoter within e7. The Ea-
box-containing distal part of the e7p7 (devoid of the the SPS and the p7 promoter) exhibits
Notch-independent activities in the wing disk’s dorsal radius’ PNC and in the CNS’s midline
(detected in trans, Figure 10 D’). In contrast, the SPS-containing proximal part of the e7
enhancer is completely inactive, both in cis and in trans (Figure 10 E and E’). This suggests that
the Notch molecule alone is not sufficient to activate e7. Rather, e7 is a compound enhancer
requiring synergy of both activities: Ea-box-mediated bHLH proneural activity located distally
and SPS-mediated Notch activity located in the proximal part of the 2 kb long enhancer.
Deletion of the putative insulator, CTCF-binding site (Negre et al. 2010) did not affect levels
and the expression pattern of LacZ, suggesting that the binding of CTCF at this site does not
play any role in e7 function (Figure 10, compare Fto A and F’ to A’).

| have also tested functional importance of E(sp/)m7 promoter’s integrity. p7 is a multi-
element promoter, containing a TATA box, an initiator (Inr) and a downstream promoter
element (DPE) (Klambt et al. 1989; Kutach and Kadonaga 2000). | introduced two deletions
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into the e7p7-lacZ construct aiming to disrupt each of these activities; one, e7p7-ATATA-lacZ,
removed the TATA box and another, e7p7-ADPE -lacZ, removed the Inr and DPE elements.
Both of these promoter mutations retained weak yet detectable transcriptional activity in cis
(Figure 10 G and H, compare to A; trans activity of these transgenes will be discussed in
Chapter 2). This observation indicates that the p7 needs both of these elements for its full
activity (see summary diagram, Figure 10 N).

Much like it was a case for B1-box in the e7, B2 and C1 sites in the e8 do not seem to
mediate any repression (Figure 10, compare J to | and J’' to I’). Mutation of the C2 site,
however, resulted in increased levels of expression, both in cis and in trans (Figure 10,
compare K to | and K’ to I'). Similarly, mutation of all B/C-boxes in e8 or a deletion
encompassing these sites had comparable effect (Figure 10, L/L’, M/M’). Therefore, out of
four putative repressor binding sites, only C2 of e8 mediates visible and robust repression.

Subsequently, | tested whether e7 and e8 enhancers are targeted by the products of
E(spl) locus. To this end, | generated clones mutant for the whole E(spl) locus using deficiency
gro?3?2 (see Figure 1) (Schrons et al. 1992) within the third larval instar wing disk of animals
carrying wild-type e7p7-lacZ (Figure 11 A-F), wild-type e8p8-lacZ (Figure 11 G-L) and e8p8-lacZ
bearing deletion of the e8 containing all B/C-boxes (Figure 11 M-R). In all three cases, |
observed elevated levels of LacZ expression within mutant clones centred around PNCs. As e7
is not normally active in most of PNCs, clonal expression of LacZ in this case was ectopic. These
observations mean that both, e7 and e8, are under repression of the E(spl) proteins and that
e7’s inactivity in most of the PNCs could be due to a strong transcriptional repression.
Moreover, the fact that the e8 lacking B/C-type repression sites still responds to the lack of
E(spl) factors means that this repression is mediated not only through the C2-box. It is possible
that in the absence of high-affinity binding site (as the C2), bHLH repressors gain access to
low-affinity N-box type sites. Several N-boxes are indeed present in the proximal part of e8 (as
well as in the e7). This result can be explained also by the ability of the E(spl) bHLH proteins to
be recruited on DNA via interaction with bHLH activators (through Ea-boxes) (Giagtzoglou et
al. 2003, 2005). Given that bHLH proneural factors are needed for the activity of both
enhancers, the latter possibility poses difficulty in separating activation from repression.
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Figure 10 Validation in vivo of the cis-regulatory elements identified within enhancers of E(spl)m7 and
E(spl)m8. (A-M) Wing disk, eye-antennal disk and CNS from third instar larvae of animals carrying lacZ transgenes
(shown schematically) were immunostained with anti-B-galactosidase and imaged with identical settings to allow
semi-quantitive comparison of LacZ expression levels. (A’-M’) Additionally, each genotype was tested for GFP
expression as a transheterozygote with a chromosome containing enhancerless promoter (heat-shock 70
promoter, pH)-gfp transgene at the same locus, allowing for a detection of an enhancer activity in trans (see
Chapter 2). (N) Summary diagram of the mapping of the e7 and e8 enhancers. e7 is a composite enhancer needed
its SPS- containing proximal part (e7?%, mediating Notch activity) and A-box-containing distal part (e7%, mediating
bHLH activators' activity) for full activity. CTCF and B-box binding sites do not have any effect on the activity of
e7. e8 enhancer activity is located proximally to p8 (within 0.5 kb from transcription start site, out of 2 kb of the
putative e8) and depends on the SPS+A sites which mediates Notch (SPS) and bHLH activators (A) activity. Out of
three mutated B/C boxes, only C2 is mediating repression (red arrow). In larval eye-antennal disk and CNS, e7
and e8 act on their downstream promoters, however, in wing disk, both enhancers act on both promoters.
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Figure 11 E(spl)m7 and E(spl)m8 are repressed by the products of E(spl) locus. Clonal analysis of the e7p7/e8p8-
driven LacZ expression (green) using complete deficiency of the E(spl) locus (Df(3R)gro3??). Unlabeled cells (by
shades of grey) are homozygous for Df(3R)gro3?-2. SOPs are also visible (sens, in red). Full z-projection of a wing
disk with expression of the e7p7-lacZ (A), e8p8-lacZ (G) and e8p8ABCC-lacZ (M) in wild-type background (E(spl)*"*)
is compared to full z-projection of a wing disk with expression of LacZ from the same transgene in the mutant
background (E(spl)’"), some of which arises from clones (marked with dashed line), in (B), (H) and (N),
respectively. Note that clones in full z-projected disks seem smaller or are covered by overlaid sections containing
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non-mutant tissue. (C), (1) and (O) with (D), (J) and (P), respectively, are similar comparisons but of a single section
centered at the PNC of dR; notice ectopic and elevated levels of LacZ expression in (D), (1) and (O) (within clones
marked by dashed line). (E) and (F), (K) and (L), (Q) and (R) are close-ups of notum and wing pouch, respectively.
Notice that sites of ectopic expression of e7p7-lacZ as well as elevated expression of e8p8-lacZ are marked by
supernumerary SOPs (red), a sign that these are areas of PNCs.

2.4.3. Analysis of 3’ UTRs of E(sp/)m7 and E(spl])m8

Two classes microRNA responsive seed boxes have been identified within 3" UTRs of
the E(spl)-C genes (Lai et al. 2005). The E(spl)m7 3’UTR contains one Brd-box and one K-box
whilst the E(sp/)m8 3’ UTR has two K boxes, all of which are highly conserved in all Drosophilids
(Figure 12). It has already been shown that ectopic expression of miR-2 and miR-11 directly
regulate K-box-containing 3’ UTR of E(sp/)mé& whereas miR-4 and miR-79 regulate Brd-box-
containing 3’ UTRs of E(spl)m5, E(spl)mé and E(spl/)my (Lai et al. 2005). Using computational
methods | identified four more regulatory elements within E(sp/)/m7 3’UTR: three putative
target sites for miR-219, miR-8 and miR-289, and one highly conserved motif predicted to form
duplexes with the bantam sequence — a microRNA which controls cell proliferation and
apoptosis in Drosophila (Brennecke et al. 2003) (Figure 12). E(sp/)/m8 3’UTR may also be
regulated by another mechanism, AU-rich element (ARE) mediated decay (Cairrao et al. 2009),
as it bears a stretch of evolutionary conserved AT repeats immediately downstream of its two
K-boxes.

In order to estimate the in vivo impact of microRNAs on these 3’ UTRs, | have generated
3’ UTR “sensor” transgenes wherein globally expressed (under a constitutive, tubulin
promoter) reporter gene mRFP is coupled with a given 3’ UTR. All microRNA seed boxes
identified within E(spl)m7’s and E(sp/)m8’s 3’ UTRs were subsequently mutagenized in various
combinations. Presumed de-repression of the sensor and the level of its increased expression
will allow to ascertain the functional responsiveness of the mutated seed boxes to active
microRNAs present in vivo. The SV40 3’ UTR and the ADH 3’ UTR were used as control 3° UTRs
presumably devoid microRNA regulation. Additionally, | have generated a E(sp/)m8’s 3’ UTR
sensor with the putative AREs excised and replaced by the ADH 3’ UTR while preserving both
K-boxes in their wild-type sequence (all constructed 3’ UTRs are schematically shown in Figure
13).
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Figure 12 Identified microRNA seed boxes within the E(spl)m7’s and E(spl)m8’s 3’ UTRs. (A) and (C) Schematic
representation of the E(sp/)m7 3’ UTR and the E(sp/)m8 3’ UTR, respectively, containing predicted and identified
microRNA binding sites: “219” — for miR-219, “Brd” — Brd-box specific for miR-4/miR-79, “bant” — for bantam,
“K” — K-box specific for miR2, miR6, miR11 and miR13, “8” — for miR-8, and, “289” — for miR-289. Sequence of
the respective seed box with its flanking region is shown as a read out of the EvoPrinter
http://evoprinter.ninds.nih.gov/. Bold capital letters represent bases in the D.melanogaster reference sequence
that are conserved among all 12 Drosophila species (D.simulans, D.sechellia, D.erecta, D.yakuba, D.ananassae,
D.pseudoobscura, D.persimilis, D.willistoni, D.mojavensis, D.virilis and D.grimshawi). For the “219”, “K”, “8” and
“289” seed boxes of the E(sp/)m7 3’ UTR, and, two K-boxes of the E(sp/)m8 3’ UTR, predicted alignments obtained
with TargetScanFly 6.2 are shown (Ruby et al. 2007). (C) Predicted secondary structures of the putative binding
site for bantam in the E(spl)m7 3’ UTR and bantam microRNA using the mfold RNA folding program version 2.3
(Zuker 2003).
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Figure 13 Identified microRNA binding sites within E(sp/)/m7 and E(spl])m8 3’ UTRs mediate repression. Semi-
quantitive comparative analysis of the tubuline-mRFP sensor transgenes for wild-type and mutated 3’ UTRs
(shown schematically) of E(spl)m7 (A-E), E(sp/)m8 (G-K), SV40 (F) and ADH (L). Each panel contains female and
male larvae (“L”), female and male pupae (“P”), one female adult fly (“A”) imaged with the same stereoscope
settings; and confocal images of third instar larval wing pouch (“w”) and notum (“n”) image with the same
confocal microscope settings. Wild-type microRNA binding sites are shown as empty boxes, whereas mutated
are filled with red.
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Analysis of expression levels of RFP from sensor constructs for E(sp/)m7 and E(sp/)m8
3’ UTRs (Figure 13) shows that identified and mutated microRNA binding sites are functional
in post-transcriptional regulation. However, both 3' UTRs bearing mutations in all identified
seed boxes, still exert some repression as evidenced by a comparison with SV40 and ADH 3’
UTRs (Figure 13, compare E and K to F and L). Mutation of microRNA binding sites within the
E(spl)m7 3’ UTR has accumulative effect on de-repression. Interestingly, this is not a case for
E(spl)m8 3’ UTR where both K-boxes have to be mutated to relieve the expression of RFP from
their repression. These two sites seem to be sufficient to exert almost full repression of
translation and the AREs identified in the E(sp/)/m8 3’ UTR seem to have little or no effect
(Figure 13, J —in this 3’ UTR, ADH 3’ UTR is cloned immediately downstream of two K-boxes
removing downstream AREs, compare to G).

DCR1 is essential for biogenesis of microRNAs (Bartel 2004). | performed clonal analysis
of the third instar larval wing disks expressing transgenes shown in Figure 13 using dcr1 null
allele. Mutant cells (distinguished by lack of GFP) displayed elevated levels of RFP when the
wild-type and Brd, K or/and bant deficient E(sp/)/m7 3’ UTR RFP sensor transgenes were
assayed (Figure 14 A-D), while all introduced mutations within this 3 UTR minimized this
effect (Figure 14 E). Surprisingly, also the SV40 3’ UTR (Figure 14 F), but not the ADH 3’ UTR
(Figure 14 L), proved to be partially repressed by microRNAs as its sensor transgene responded
to the lack of DCR1. Most surprising results, however, were obtained with the E(sp/)m8 3’ UTR
sensor transgenes. Although mutation of both K-boxes relieves the transcript from repression
(Figure 13 K), lack of DCR1 had no effect on any sensor transgene containing both or any of
the two K-boxes unmutated (Figure 14 G-J); neither did it have on the sensor with both K-
boxes mutated. Thus, it seems that post-transcriptional regulation of E(sp/)m8 is dcrl-
independent.
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derl - mRFP
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Figure 14 The 3’UTR of E(spl)m7, and not that of E(sp/)m8, is under control of microRNAs. Clonal analysis of dcr-
1 (non-GFP cells, middle column) in the wing disks expressing tubuline-mRFP sensor transgenes (right column)
for wild-type and mutated 3’ UTRs (shown schematically) of E(sp/)m7 (A-E), E(spl)m8 (G-K), SV40 (F) and ADH (L).
The merged GFP and mRFP channels are shown in the first column.

Furthermore, | confirmed that the 3’ UTR of E(sp/)m7 is targeted by bantam microRNA
by testing some of the sensor constructs in a bantam?- mosaic background. (Figure 15). Clones
of cells mutant for bantam (marked positively by GFP) showed increased levels of mRFP in the
case of a transgene containing K and Brd boxes mutated (Figure 15 B), but not when all
microRNA binding sites were wild-type (Figure 15 A) or mutated (Figure 15 D). It seems,
therefore, that compromised repression by bantam can be compensated by microRNAs bound
to K and Brd boxes.
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Figure 15 bantam microRNA targets E(spl)m7 3’UTR. (A-D) Bantam mutant clones are positively marked by GFP
(green) in the larval wing disks expressing different tub-mRFP sensors for the 3’UTR E(sp/)m7. Notice that the
effect of derepression (indicated with white arrows) can be seen only when the two other potent microRNA
binding boxes (Brd and K) are not functional, hence upregulation of mRFP mediated by the lack of bantam cannot
be compensated through them.

| also addressed an impact of the Notch activity on the expression of mRFP sensors
regulated through these 3’ UTRs. It has been shown that Notch mediates repression of bantam
microRNA and possibly other microRNAs in wing disk and CNS tissues (Becam et al. 2011; Wu
et al. 2017). Expressing activated form of Notch (N'™) in random clones in the third instar
larval wing disks derepresses both wild-type sensors (the E(sp/)m7’'s and E(spl)m&8’s 3’"UTRs) in
a manner which seems to be partially non-autonomous (Figure 16 A and B). This expression,
however, is not triggered wherever N js active but only in specific areas of the wing disk,
that seems to be a subset of PNC pattern. This suggests that Notch acts cooperatively with
other factors to derepress these 3’ UTRs. | have tested whether this activity can be mediated
through one of the E(spl) targets of Notch by expressing the E(spl)m7 protein in the dorsal
part of the wing disk (Figure 16 C and D). This seemed not to have any impact on these sensors
(shown for wild-type and mutant 3’ UTR E(sp/)m7 sensors in Figure 16 C and D, respectively).
However, removal of all the E(spl) locus effected in further repression of these sensors,
suggesting that Notch activity on microRNA could be in part mediated through one or several
products of this locus (Figure 16 E and F).
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Figure 16 Notch activity impacts 3’ UTR-mediated regulation of E(spl)m7 and E(sp/)/m8. (A and B) Clonal
expression of N marked by GFP in green, in the larval wing disks expressing tub-mRFP sensors for the wild-
type 3’UTR of E(spl)/m7 (A) and E(spl])m8 (B); two examples for each are shown. (C and D) apterous-driven
expression of E(spl)m7 (marked by GFP, in green) in the wing disks expressing tub-mRFP sensors for the wild-
type (C) and mutant (D) 3'UTRs of E(sp/)m7. (E and F) Clonal analysis of these same sensors (as in C and D,
respectively) using complete deficiency of the E(spl) locus (Df(3R)gro3??), marked with non-GFP cells (outlined in
the RFP, red, channel).

2.4.4. Impact of transcriptional and translational repression on E(spl)m7 and
E(spl)m8 expression and function

To test whether the identified elements mediating transcriptional and post-
transcriptional repression influence levels of expression and biological functions of the
E(spl)m7 and E(spl)m8 | obtained fly transgenic lines carrying an intact genomic fragment
encompassing E(sp/)/m7 and E(spl)m8 genes with introduced mutations of the negative
regulatory elements characterized in the previous sections in their enhancers (B/C boxes) and
3’UTRs (miRNA binding sites). In a series of these transgenes, E(spl)m7 was tagged with EGFP,
what allowed me to see an effect of these mutations on the E(sp/)m7 expression (some of
these were used in the analysis of expression patterns shown in Figure 3). Semi-quantitive
comparison of expression levels in the third instar larvae wing disks revealed that the
mutations in the 3’UTR of the E(sp/)/m7 had the strongest effect on derepression of its
expression, while the regulation mediated through Es/Ec boxes had much milder effect (Figure
17). Much like it was shown with tub-mRFP sensor transgenes, replacement of the E(spl)m7 3’
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UTR with SV40 3’ UTR had stronger effect than mutating individual microRNA binding sites
within E(spl)m7s 3’ UTR (Figure 17, compare E to B to A). Although the effect was much
weaker, mutations of the Eg/Ec boxes derepressed expression of E(sp/)m7 (Figure 17, compare
C to A), contributed to further derepression inflicted by mutating microRNA binding sites
(Figure 17 D), and produced the strongest levels of expression in combination with the SV40
3’ UTR (Figure 17 F). Thus, transcriptional repression seems to have an accessory role on the
regulation of E(spl)m7 expression. Interestingly, transcriptional repression of the E(sp/)m7
seems to be mediated by the Eg/Ec boxes contained in the enhancer located immediately
upstream of E(spl)m8 (i.e., e8); this holds even for the AMPs, where E(sp/)m7 expression is
activated by the e7 enhancer (Figure 10A). Deletion of the E(sp/)m8 regulatory part causes
upregulation of the E(spl)m7 expression (Figure 17 G and H, compare to A). Similar effects are
observed with mutations of the Eg/Ec boxes in the “full” genomic transgenes (Figure 17,
compare Cand I to A). In the latter case, mutating the Eg/Ec boxes within both enhancers have
stronger effect than their mutation only within e8 (Figure 17, compare C to l), suggesting that
in the “genomic” context (when both enhancers are present) B1 box present in e7 is also
functional. This activity of the B1 box is not observed in the “short” genomic context (Figure
17, compare G to H) and the reporter gene context (Figure 10, compare A to B), where the e7
is not accompanied by e8. This adds support to the hypothesis that the two enhancers e7 and
e8 do not act independently of each other, they rather interact in the cells of the wing disk.
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Figure 17 E(spl)m7 expression is regulated by microRNAs and transcriptional repressors. GFPm7 expression in
the wing disks from flies carrying one copy of “genomic” transgenes schematically shown on the right. Two wing
disks aligned with their anterior parts are shown for each genotype. All transgenes are inserted in the same,
attP40, locus.
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Figure 18 GFPm7 is detected in all PNCs of the wing disk upon mutating all Ez and Ec boxes and identified
microRNA binding sites within E(sp/])m7 3’ UTR. Confocal images of the wing disks from animals carrying one
copy of an indicated (in columns) genomic transgene. Wing disks were immunostained against GFP (green) to
detect E(spl)m7, Cut (blue) to detect the AMPs of the notum, the wing margin and all sensory organ cells and
Sens (red) to mark SOPs. (A1-C1) Full projections of the wing pouch. (A2-C2) partial z-projection of the notum
and hinge showing sections underlying the AMPs where the indicated PNCs reside. (A2’-C2’) partial z-projection
of the most posterior part of notum showing sections containing the AMPs where the SC PNC reside. PNCs where
GFPm7 is detected are indicated by arrows, whereas the lack of GFPm7 expression in them is shown by circles;
The absence of the GFPm7 in the WM is indicated by a rectangle.

Analysis of the GFPm7 expression from these transgenes shows that this fusion protein
is not detected in most proneural clusters of the wing disk unless mutations in the E(sp/)m7’s

3’ UTR are introduced in the transgene (Figure 18).

A detailed analysis of the expression pattern obtained from the GFPm7 transgenes
harboring Es/Ec mutations, microRNA seed boxes mutation, and SV40 and ADH 3’ UTRs shows
gradual increase in GFP expression in the WM, the AMPs and all PNCs (Figure 19). However,
of note, is a visible and disproportionate increase of the GFP accumulation in the SC and DC
clusters.

In order to evaluate an impact of these mutations on the biological function of E(spl)m7
and E(spl)m8 | have generated an analogous series of genomic constructs without GFP fused
to E(spl)m7 (shown schematically in Figure 20), to avoid possible inhibition of the GFP-fused
protein on E(spl)'s functions. Each of the large bristles (macrochaetes) of the adult fly’s thorax
arises from a specific SOP generated in the notum of the imaginal wing disk (Modolell and
Campuzano 1998) (Figure 20 A-E). | noticed that some individuals of the flies carrying one copy
of the various genomic transgenes show gain or lack of these bristles (some examples focused
on DC and SC bristles are shown in Figure 20 F). Phenotypic quantification revealed that the
increasing derepression of E(spl)m7 and E(spl)m8 expression, as estimated by the analysis of
the GFPm7 transgenes (Figure 17), triggers increasingly greater loss of macrochaetes among
individuals in the populations of transgenic flies (Figure 20 G). Interestingly, macrochaetes
were affected disproportionately, with the SC and DC bristles being most impacted (Figure 20
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G, cluster “A”), consistent with a proportionally higher accumulation of GFPm7 in these
clusters Figure 19). Whereas point mutations within enhancers (EB/EC boxes) and 3’ UTRs
(microRNA seed boxes) had little to moderate effect on the bristle loss, replacement of the
E(sp!)m7 and E(spl)m8 3’ UTRs with SV40 and ADH 3’ UTRs augmented this effect more than
10x (from 17 and 24 bristles missing per 100 individuals for T5¢ and T8¢*™ respectively, to 226
and 280 bristles missing per 100 individuals for T3Y"R and T8¢*3UTR respectively, see Figure 20
G).
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Figure 19 GFPm7 is accumulated with increasingly higher levels in the WM, AMPs and PNCs of the wing disk as
the transcriptional negative regulation and microRNA regulation is compromised. Wing disks from the animals
carrying one copy of a transgene indicated schematically were immunostained against GFPm7 (green), Sens (red)
and Cut (blue). (A1, B1, C1, D1, E1, F1 and G1) show full z-projections of the wing pouch with GFPm7 expression
on the left and merge of all three channels on the right. (A2, B2, C2, D2, E2, F2 and G2) show the partial z-
projection of the notum showing sections containing the AMPs where also the SC PNC resides (indicated by white
filled arrowhead). (A3, B3, C3, D3, E3, F3 and G3) show the partial z-projection of the notum showing sections
underlying the AMPs where the rest of notal PNCs reside (DC and aPA/trl PNCs are indicated by white empty
arrowhead and white arrow, respectively).
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Figure 20 Misregulation of E(spl)m7 and E(spl)m8 expression impacts SOP specification. (A) The emergence of
the SOPs in the developing wing disk with time scale in hours (h) before pupae formation (BPF), modified from
(Huang et al. 1991). (B) SOPs (sens, red) of the notum of the late third instar wing disk just before pupation, and
(C) overlaid GFPm7 expression from a genomic transgene with E(sp//m7 fused to the SV40 3’ UTR. (D)
Macrochaetes of the thorax are indicated with red dots (D) and red circles (E) on the schematic and image of the
adult thorax, respectively. (F) Examples of the thoraces from individuals bearing one copy of the genomic
transgenes (shown schematically); Presence of DC and SC bristles are indicated on each thorax with red circles,
whereas loss of thereof is indicated by blue circles. The number under each thorax is derived from the total sum
of ectopic (+n) and missing (-n) bristles. (G) Table shows quantification of all 11 pairs of machrochaetes derived
from wild-type animals (-) and transgenic animals carrying one copy of indicated transgene. Macrochaetes are
grouped into three clusters (“A”, “B” and “C”) based on the proximity of their respective SOPs in the wing disk.
Notice, that the macrochaetes of the group “A” are most affected by the mutations compromising negative
regulation of E(sp/)m7 and E(spl)m8.
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| focused on the analysis of the most affected, SC and DC, macrochaetes. The SV40 and
ADH 3’ UTR-containing transgenes affected mainly SC bristles, with a slight bias toward
posterior SC (Figure 21). This bias was also evident among DC bristles; the posterior DC was
missing twice as often as the anterior. As the posterior SOPs in both, SC and DC, clusters
appear earlier in the development than the anterior ones (see Figure 20 A), these observations
suggest that the elevated expression of E(spl)m7 and E(spl)m8 has the most profound effect
on the early developing SOPs.

The severity of the phenotype observed with transgenes containing SV40 and ADH 3’
UTRs is underscored by the lethality of these transgenes. | did not observe any flies
homozygous for either version of these transgenes (with Es/Ec boxes wild-type or mutated).
Moreover, the bristle-loss phenotype of the heterozygotes for these transgenes are highly (for
the version with Eg/Ec boxes wild-type) and fully penetrant (for the version with mutant Eg/Ec
boxes) (Figure 21, see the graph on top). In contrast, the wild-type and point-mutated
transgenes triggered SC/DC bristle loss in no more than 20% individuals, were homozygous
viable, and affected mostly anterior SC/DC bristles (Figure 21). An additional (second) copy of
these transgenes does have an impact on the SC/DC bristle loss, however, less than two-fold
(Figure 22). This observation suggests that the expression of E(spl) proteins from these
transgenes is still efficiently buffered by transcriptional and post-transcriptional regulation so
that expression levels achieved from them are not exceeding a certain threshold needed to
upset phenotypical robustness.
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Figure 21 Misregulation of E(sp/)/m7 and E(spl)m8 induces SC/DC bristle loss. Flies containing one copy of each
transgene shown schematically on the right were examined for the SC/DC bristles gain and loss. The number of
gained and lost bristles is plotted for each class of bristles (aDC, pDC, aSC and pSC) as bars for each transgene.
The sum of total missing and gained bristles for each transgene is plotted as a line and overlaid on the bar chart.
The portion of individuals with wild-type arrangement and number of SC/DC bristles for each transgene is plotted
as a curve on top. Values are given per 100 individuals. The number of individuals scored is given above the bar

chart (“n”).
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Figure 22 Effect of transgene dosage on SC/DC bristle loss. Flies heterozygous (“1x”) and homozygous (“2x”) for
each transgene (shown schematically above) were examined for the SC/DC bristles gain and loss. The number of
gained and lost bristles is plotted for each class of bristles (aDC, pDC, aSC and pSC) as bars for each transgene.
The sum of total missing and gained bristles for each transgene is plotted as a line and overlaid on the bar chart.
The portion of individuals with wild-type arrangement and number of SC/DC bristles for each transgene is plotted
as a curve on top. Values are given per 100 individuals. The number of individuals scored is given above the bar
chart (“n”



I noticed that halving the E(spl) dosage, namely in the E(spl) null heterozygote animals,
supports relatively normal peripheral neurogenesis, however with apparent disturbances in
patterning anterior SC bristles, such that, on average, each individual exhibits a gain of one
aSC bristle (Figure 23). Therefore, specification of this class of bristles is particularly sensitive
to the expression levels of the E(spl) genes. The aSC bristles were also the primary targets of
the elevated levels of E(spl)m7 and E(spl)m8 (see Figure 21, 22).

| asked how the expression of E(sp/)/m7 and E(spl)m8 from my transgenes would
influence SC/DC bristle patterning in this sensitized background. One copy of the wild-type
and Eg/Ec-mutant transgenes (Tt and T2¢ in Figure 23) had little or no effect on the aSC
phenotype observed in E(sp/) null heterozygotes. Interestingly, one copy of transgenes bearing
point mutations in the E(sp/)m7 and E(sp/)m8 3' UTRs (T™ and T2“*™ in Figure 23) brought
about significant reduction of the extra aSC bristles produced by the loss of one copy of E(spl)
locus (from 100 to less than 40 per 100 individuals) decreasing the penetrance of this
phenotype by 30%. Transgenes bearing SV40 and ADH 3' UTRs (T3Y™® and T2*3UTR in Figure 23)
only moderately improved what seems to be the partial rescue of aSC phenotype (to = 20
extra aSC bristles per 100 individuals). This modest effect and lack of the full rescue was
surprising, considering strong impact of the SV40 and ADH 3’ UTR-containing transgenes on
SC bristle loss in wild type background (Figure 21, and 23, see bars marked by "+"). Strikingly,
nearly all the effects on SC/DC bristle loss observed with all transgenes in the wild-type
background are lost in the E(spl) null heterozygotes (Figure 23, with the most prominent
reduction in bristle loss for T2¢*UT from total of 270 to 7 SC/DC bristles per 100 individuals).
These observations imply that the level-dependent function of the E(spl)m7 and E(spl)m8
transgenes as a suppressor of SOP fate relies on the expression levels of an/other gene/s from
E(spl) locus, and that both copies of this/these gene/s have to be expressed to enable higher
activity of E(spl)m7 and E(spl)m8.
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Figure 23 E(spl) locus copy number affects level-dependent activity of E(spl)m7 and E(spl)m8. Flies bearing no
transgene (first column, indicated by "-") and one of the indicated transgene (in the box below bars) were scored
for SC/DC bristle gain and loss in two genetic backgrounds: wild-type (i.e., with two copies of E(spl) locus,
indicated by "+"; contains the same data set as in Figure 21) and loss of one copy of E(spl) locus (heterozygotes
for Df(3R)gro®?? null allele; indicated by "b32.2"). The number of gained and lost bristles is plotted for each class
of bristles (aDC, pDC, aSC and pSC) as bars for each genotype. The sum of total missing and gained bristles for
each genotype in wild-type and E(spl/) null heterozygote background is plotted as a black and red line,
respectively, and overlaid on the bar chart. Values are given per 100 individuals. The portion of individuals with
wild-type arrangement and number of SC/DC bristles for each genotype is plotted as black (wild-type
background) and red (E(sp/) null heterozygotes) curve on top.

Heterozygotes bearing smaller deletion of E(spl) locus, encompassing E(spl)m5,
E(spl)m6, E(spl)m7 and E(spl)m8 and gro (see Figure 1), showed similar preference for
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duplication of aSC bristles but 5x less frequent than heterozygotes bearing the complete
deletion of E(spl) locus (Figure 24). However, contrary to the complete deletion of E(spl), this
partial deletion was fully rescued by one copy of the wild-type transgene (T) and did not
suppress the impact of other transgenes on aSC bristle loss (Figure 24). Therefore, either (a)
other genes than these contained in this deletion are needed for higher activity of E(spl)m7
and E(spl)m8, or (b) it is the cumulative dose of E(spl) genes that sets the threshold for the
loss of bristles.
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Figure 24 Heterozygous BX22 deletion does not affect level-dependent activity of E(spl)m7 and E(spl)m8. Flies
bearing no transgene (first column, indicated by "-") and one of the indicated transgene (in boxes below the
graph) were scored for aSC bristle gain and loss in three genetic backgrounds: wild-type ("+"), heterozygous BX22
deletion of the E(spl) locus ("BX22") and heterozygous E(spl) null Df(3R)gro3?? allele ("b32.2"). Sum of gained and
missing aSC bristles is plotted for each genotype as black (for wild-type background), blue (for BX22
heterozygotes) and red (for E(spl) null heterozygotes) line. Values are given per 100 individuals.

Results presented thus far suggest that obstructing post-transcriptional regulation on
E(spl)m7 and E(spl)m8 results in surplus levels of expression and activity of these genes. The
effect of this activity is observable in disturbances of SOP specification and concomitant bristle
loss. However, disabling dcr-1-dependent microRNA biogenesis in mutant clones does not
affect number and position of SOPs in the larval wing disks nor bristle pattern on the adult’s
thorax (Figure 25 A1-A3). The only exception | could find was that the adult flies with induced
clones during the larval stages exhibited occasional loss of a macrochaete shaft while
preserving its socket (Figure 25 A3, red arrow). Because the socket and the shaft are siblings
resulting from an asymmetric division of a single precursor (Lai and Orgogozo 2004), this
implies that inhibition of dcr-1-dependent biogenesis of microRNAs affects bristle lineage
post-SOP formation but not SOP specification itself. Despite this apparent lack of phenotype,
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dcr-1 clones show elevated levels of GFPm7 fusion protein whose expression is under the
control of wild-type 3’ UTR of E(spl)m7 (Figure 25 B1-B3, C1-C3)., Mutating microRNA binding
sites within this 3 UTR rendered GFPm7 expression insensitive to dcr-1 clones (Figure 25 D1-
D3).
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Figure 25 E(sp/)m7 3' UTR-mediated regulation, but not SOP specification is affected in the dcr1 null clones.
(A1-A2) dcr1 null clones (unlabeled cells by shades of grey) induced in the wing pouch (A1) and notum (A2) of
the third instar larval wing disk; SOPs are stained with anti-Sens antibody (red); arrows indicate SOPs in the clones
of the WM; (A3) Thorax of the adult fly with induced dcr1 null clones in the early larval stage shows wild-type
pattern of bristles with the occasional loss of bristle shaft (red arrow). dcr1 null clones in the area of the wing
pouch (B1, C1, D1) and in the eye-antennal disks (B2, C2, D2; with a magnification of the respective indicated
areas B3, C3 and D3) of the animals bearing expressing GFPm7 (green) from genomic transgenes shown

schematically above.

Unlike dcr-1, induction of mutant clones for E(spl) locus causes disorder of the WM'’s
SOPs and supernumerary SOPs within PNCs of the larval wing disk, disturbances of
michrochaetal pattern and gain of micro- and macro-chaetes on the adult’s thorax (Figure 26).
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Figure 26 Loss of E(spl) locus affects specification and patterning of SOPs and bristles. E(sp/) null clones in the
third instar wing disks are marked by lack of shades of grey, SOPs are labeled with red (sens). (A) and (B) show
wing pouch and notum, respectively, of the wild-type, fully E(spl/)*’* wing disk. (A1-A4) and (B1-B4) show
examples of wing pouches and nota, respectively, with induced random E(spl) null clones. Note an excess of SOPs
in a clone of anterior part of the WM (A1) and absence of sens staining in a clone of posterior part of the WM
(A2). Note, that each time a clone falls within an area of a given PNC, the SOP/s of this PNC is amplified (encircled
by dotted lines, compare to their equivalent wild-type SOPs). Thorax (C) and magnification of its DC area (C3) of
the wild-type fly with indicated macrochaete (red circles). Two examples of thoraces (C1-C2) and magnification
of the DC area (C4) from animals with induced E(sp/) null clones; red dotted circles and blue dotted circles indicate
supernumerary macrochaetes and microchaetes, respectively; red arrows and blue arrowheads indicate
duplications of, respectively, the macrochaetes' and microchaetes' shafts within single socket.
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These clones show also elevated levels of GFPm7 when induced in wing disks of
transgenic animals bearing genomic GFPm?7 transgenes (Figure 27, note, however, that the
difference between expression levels of the GFPm7 controlled by SV40 3' UTR within and
outside the clones is much less pronounced). Interestingly, all GFPm7 transgenes with
mutated and replaced 3' UTRs fully restored normal arrangements of SOPs within E(spl) clones
(Figure 27, D2-D4, E2-E4). This means that the two copies of E(spl) genes provided by a
hemizygous transgene are sufficient to provide the function of all 14 copies (2x7) of the
endogenous E(spl) genes, but only when relieved of miRNA suppression. Whereas, GFPm7-m8
transgenes with wild-type 3' UTRs and wild-type or mutated Eg/Ec-boxes did not prevent E(spl)
null-induced disorder of the WM (Figure 27 A2, B2, C2) and supernumerary SOPs within PNCs
(Figure 27 A3-4, B3-4, C3-4). Of note is pronounced GFP derepression seen in E(sp/) mutant
clones expressing Eg/Ec-mutant GFPm7-m8 transgene (Figure 27 C1-C4). This demonstrates,
in agreement with my previous results with lacZ reporter transgenes, that E(spl) factors
mediate repression of e7 and e8 enhancers not (only) through Eg/Ec-boxes.
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Figure 27 Loss of E(spl) stimulates GFPm7 expression from genomic transgenes. Clonal analysis of the GFPm7
expression (in green, driven from genomic transgenes depicted above each panel) using complete deficiency of
the E(spl) locus (Df(3R)gro®??). (A, B, C, D and E) Fully z-projected wing disks expressing GFPm7 in wild-type
background (E(spl)*’*) are compared to fully z-projected wing disks with expression of GFPm7 from the same,
respective, transgenes but in the mutant background (E(spl)7") (A1, B1, C1, D1 and E1). Unlabeled cells (by shades
of grey) are homozygous for Df(3R)gro®?2. Red arrowheads mark areas of GFP clonal expression (in A1, B1, C1,
D1 and E1) and in analogous areas of GFP pattern in the wild-type background (in A, B, C, D and E). (A2, B2, C2,
D2 and E2) show one example (for each transgene) of clones induced in the wing pouch and (A3-A4, B3-B4, C3-
C4, D3-D4 and E3-E4) two from examples of clones in induced in the notum. SOPs are visible in red (sens).
Abnormal SOPs formations and corresponding GFP expression are indicated with arrows and encircled with
dashed line; normal SOPs formations are indicated just with arrows.

This shows that GFPm7-m8 genomic transgenes provide functional E(spl)m7 proteins.
However, flies homozygous for the SV40/ ADH 3' UTR GFPm7-m8 transgenes, unlike their GFP-
less analogues, are not fully lethal, suggesting that the E(spl)m7 fused to GFP is less potent.
Therefore, for the examination of the E(spl) null bristle rescue phenotypes in adult flies | have
used genomic GFP-untagged transgenes (i.e., T, T5¢, TB¢™ and T2¢*3VUTR), Random clones of
the null E(spl) locus were induced at early larval stage, in the same way as it was done in the
presence of GFP transgenes. The entire population of flies arising from these larvae were
subsequently screened for aberrations in the bristle patterning of the thorax. Figure 28 shows
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representative examples of the observed bristle patterns. Similarly to their GFP analogues,
transgenes with wild-type 3' UTRs (Tt and T2¢) did not prevent formation of extra
macrochaetes (red dotted circles in Figure 28 C and D, compare to A - wild-type arrangement
of bristles, and, B - thorax with E(spl) null clones induced in the non-transgenic animal).
Neither did transgene with microRNA-boxes and Eg/Ec-boxes mutated (T<*™, Figure 28 E).
However, all three transgenes seemed to partially rescue the supernumerary phenotype of
macrochaetes. In these cases, | did not observe so numerous accumulation of bristles within
one PNC-bristle cluster position as in the non-transgenic control thoraces with E(spl) null
clones (Figure 28, compare C-E to B). The T seemed to be less effective than the other two
transgenes.

Notably, striking differences occur in the patterning of microchaetes. These finer
bristles do not originate from SOPs in the larval stages but later on from SOPs specified during
early pupal development and are organized in more or less regular rows on the fly's thorax
(Corson et al. 2017) (Figure 26 A, Figure 28 A). Induction of E(spl) null clones results in their
multiplication and disorganized pattern (Figure 26 C1-C4, Figure 28 B, some of the presumed
clones are marked with blue ovals, duplicated bristles are indicated with blue arrowheads).
Less severe distortion in microchaete patterning is observed on thoraces of clonally mutant
animals bearing transgenes with wild-type 3' UTRs (T*! and T2¢), though disorganization,
duplication and gain of bristles are still clearly visible (Figure 28 C and D). None of these
distortions were observed with the transgene containing microRNA-boxes and Eg/Ec-boxes
mutated (T2¢*™, Figure 28 E), indicating that this transgene produces enough E(spl)m7 and
E(spl)m8 proteins to fully rescue micro- but only partially rescue macro-chaete patterning
upon the loss of E(spl) locus. Remarkably, the use of transgene with Eg/Ec-boxes and
SV40/ADH 3' UTRs (T¢*3UTR) brought about what seems to be an "over-rescue" of the E(spl)”
microchaete phenotype (Figure 28 F). This is manifested by thorax balding in patches
presumably outlining a territory of an induced E(spl/) null clone (blue ovals, Figure 28 F).
Additionally, the thoraces of this genotype lack frequently macrochaetes (green circles, Figure
28 F). It is difficult to say whether this is a case of the E(spl)” "over-rescue" because the
TBC3UTR transgene triggers macrochaete loss also in the wild-type background (E(spl)**) (see
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Figure 20 and 21).

Figure 28 Effects of E(spl)m7-E(spl])m8 genomic transgenes on patterning of thorax bristles in mutant clones of
E(spl). (A) Wild-type thorax. (B) Thorax of a non-transgenic ("-") fly with induced E(spl/) null clones. (C-F) Examples
of thoraces obtained from animals bearing indicated GFP-less genomic transgene with induced E(sp/) null clones.
Single macrochaetes in their correct positions are marked with red circles, lack thereof is marked with green
circle; red dotted circles and blue dotted circles indicate areas of the E(spl) null clones presumed by a presence
of supernumerary macrochaetes and microchaetes, respectively (in B-E), or lack thereof (in F); blue arrowheads
indicate duplicated microchaetes' shafts within single socket.

2.5. Discussion

Complex living systems employ diverse mechanisms to achieve their phenotypic
stability in the face of environmental and genetic perturbations (Hartman et al. 2001). Gene
redundancy, a result of gene duplication, provides robustness in case of a gene's failure
(Kitano 2004). E(spl) genes expressing bHLH factors are a result of gene duplication, have
overlapping functions and are often co-expressed (Delidakis et al. 2014). This multiplication of
a gene must be aided by parallel control mechanisms in order to attain proper dosage of its
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expression and its function. One such strategy is a diversification of the spatio-temporal
expression of the individual duplicates. An example of this can be seen in different CNS
expression patterns of E(spl)m7 and E(sp/)m8 reported in this manuscript. However, E(spl)
genes are often co-expressed what may reflect sharing the same enhancers (as is the case for
E(spl)m7 and E(sp/)/m8 in the wing disk) or dependence of their expression on the same
transcription factors (e.g., Notch). Thus, their expression must be further buffered to achieve
precise levels of their activity. Because they are potent and crucial regulators of development,
the seven bHLH genes of the E(spl) complex must be provided with efficient, adjustable and
multi-tiered gene control. | have examined two modes of gene control: negative
transcriptional auto-regulation and 3' UTR-mediated translational repression. | focused on the
pair of neighboring E(spl) genes, E(spl)m7 and E(sp/)/m8, and on the consequences of
perturbing their regulation on animal viability and on patterning external sensory organs of
the adult fly. The results presented in this manuscript show that both forms of the addressed
regulation cooperate to sculpt the wild-type expression of these two genes.

The elevated expression from e7 and e8-containing reporter and genomic GFP
transgenes in null E(spl) clones reveals that the activity of these enhancers is moderated by
the E(spl) bHLH factors expressed in the PNCs of the wing disk. Therefore, bHLH E(spl) genes
are capable of self-regulating their expression levels via negative transcriptional feedback, at
least in case of E(sp/)m7 and E(sp/)m8. B- and C-type motifs were proposed to mediate this
regulation due to their high affinity toward bHLH E(spl) factors demonstrated in vitro (Tietze
et al. 1992; Oellers et al. 1994; Ohsako et al. 1994; Van Doren et al. 1994; Jennings et al. 1999).
Mutating these sites in the e7 and e8, however, did not (in case of e7) or only partially (in case
of e8) compromised their transcriptional repression in vivo. Moreover, both mutated
enhancers still exhibited higher activity in cells lacking the E(spl) locus, proving that repression
of these enhancers is conducted through other sites or in addition to Eg- and Ec-boxes. These
could be represented by the N-type bHLH repressor binding sites and proneural activators-
bound Ea-boxes. The latter possibility stems from the ability of the bHLH E(spl) repressors to
interact (with their N-terminal and Orange domains) with (the transactivation domains of) the
proneural proteins, and in this way be recruited to the DNA at sites bound by proneural factors
- i.e., Ea-boxes (Giagtzoglou et al. 2003, 2005; Zarifi et al. 2012). The N-boxes show lower
specificity for the bHLH E(spl) factors in vitro but are numerously present in both enhancers
and most of them exhibit high degree of sequence conservation between Drosophila species.
Out of the four B- and C-type E-boxes analyzed in this study only one was visibly functional
and had moderate sequence conservation, while the most conserved B1-box seemed not to
mediate any repression. Thus, the situation in vitro can be different from that in vivo and the
N boxes might as well be bound by the bHLH repressors with strong affinity in vivo. The in vitro
results were obtained with in vitro transcribed and translated proteins. E(spl) factors in vivo
might undergo modification/s which can change their binding affinity.

Alternatively, the bHLH E(spl) factors might be effectively recruited to all those sites
(i.e., Es/Ec-, N- and Ea-boxes) but with non-linear relationship between the number of sites
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occupied and the degree of gene repression, such that mutation (inactivation) of a subset of
these sites could be compensated by stronger affinity and/or activity of the bHLH factors at
the non-mutated sites. A similar relation, although concerning post-transcriptional regulation,
seems to be exhibited by microRNA binding sites within the 3' UTR of E(sp/)m7. This 3' UTR
contains binding site for bantam, however, null bantam clones do not display derepression
unless two other potent microRNA-binding sites (K- and Brd-boxes) are mutated (Figure 15 A-
B). This indicates that the inactivity of bantam-binding box (in absence of bantam expression)
can be compensated through other (functional) microRNA-binding sites. A good quality ChIP-
seq data for E(spl) proteins would be useful to distinguish between these and other
possibilities, however, up until now (due to the lack of a good anti-E(spl) antibody) such data
is not available.

Analysis of the E(spl)m7 and E(sp/)m8 3' UTRs revealed that these genes are also under
a strong translational repression. Mutating the putative microRNA binding sites compromised
this regulation causing derepression of the mRFP sensors controlled by the mutant 3' UTRs
(Figure 13). While the 3' UTR of E(sp/)m7 with all six putative microRNA seed boxes mutated
had a cumulative effect on the mRFP derepression, it retained some of the capacity to be
controlled by dcri-derived microRNAs via other, unidentified binding sites. On the contrary,
mutation of the two K-boxes in the 3' UTR of E(sp/)m8 had strong, synergistic impact on
derepression and showed no effect when were individually mutated (Figure 13). The latter 3'
UTR seems also not to be controlled by dcr1-derived microRNAs (Figure 14), suggesting that
the two K-boxes must be targeted by some non-dcri-dependent microRNAs or other
repressive mechanism. Dcrl is a canonical enzyme required for biogenesis of most metazoan
microRNAs and small interfering RNAs (siRNAs) and alternative ways of generating these RNAs
are thought to be unusual (Bartel 2018). However, examples of Dcrl-independent microRNAs
(vertebrate mir-451) and siRNAs are known (Herrera-Carrillo and Berkhout 2017). Of note is a
peculiarity of the E(spl)m8 3' UTR's K-boxes: (1) the fact that the mutation of one can fully
complement mutation of another and (2) their striking proximity; they are separated by a
(unlike them, nonconserved) sequence of only 8 nucleotides, making it unlikely to be targeted
concurrently by two microRNAs. Therefore, it seems that both of these boxes are equally
strong mediators of repression, and the activity of one can be fully compensated by the other.
Of note is also the remarkable difference between derepression resulting from mutating all
the putative microRNA seed boxes in E(sp/)m7 and E(spl)m8 3' UTRs and derepression brought
about by replacing them with SV40 and ADH 3' UTRs (Figure 13). It is unlikely that this
difference reflects residual microRNA control of the mutated 3' UTRs; the 3' UTR of E(sp/)m7
bearing mutations in all identified microRNA seed boxes only weakly relieves repression in
dcri-mutant clones, implying that these derepressed levels of mRFP are lower than the mRFP
levels observed with SV40 and ADH 3' UTR sensors (Figure 14 E, Figure 13 E, compare to F and
L). This suggests that E(sp/)m7 and E(sp/)m8 3' UTRs comprise other (than microRNA-specific)
regulatory elements suppressing mRNA stability. These may be sequences forming secondary
structures (Rabani et al. 2008; Geisberg et al. 2014), binding sites of RNA-binding proteins
(Olivas and Parker 2000; Shalgi et al. 2005; Duttagupta et al. 2005; Hogan et al. 2008; Hasan
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et al. 2014) and AU-rich elements (AREs) mediating mRNA decay (Cairrao et al. 2009; Helfer
et al. 2012). | identified putative AREs in the E(sp/)m8 3' UTR, however their deletion did not
significantly affect repression mediated by this 3' UTR (Figure 13 J).

Interestingly, Notch, in addition to acting as a direct transcriptional activator of
E(spl)m7 and E(spl)m8, alleviates translational repression mediated by the 3' UTRs of these
two genes (Figure 16 A, B). This regulation seems not to be mediated by bHLH E(spl) factors
(E(spl)m7 overexpression does not reproduce Notch activity on these 3' UTRs, Figure 16 C-D)
and may be transduced further by other systemic signaling pathways to produce non-
autonomous derepression of these 3' UTRs (Figure 16 A, B). Two studies identified Notch as a
direct transcriptional activator of bantam microRNA in the fly brain (Wu et al. 2017) and an
indirect repressor of the same microRNA in the wing margin of the wing disk (Becam et al.
2011). Therefore, Notch can also regulate translational repressive mechanisms in a context-
dependent manner.

| show that E(sp/)m7 and E(sp/)m8 are expressed in PNCs of the larval wing disk and
this expression depends on the e8 enhancer. These are not the only E(spl) genes expressed in
the PNCs. E(spl)mé and E(spl)my were also reported to be expressed in a subset of PNCs
(Singson et al. 1994; Bailey and Posakony 1995; de Celis et al. 1996; Nellesen et al. 1999;
Cooper et al. 2000). These and/or other bHLH E(spl) factors seem to limit the abundance of
E(spl)m7 and E(spl)m8 on one hand, and cooperate with them in order to restrict cells
adopting the SOP fate on the other. Depletion of all E(spl) factors from PNCs triggers
upregulation of transgenic GFP-E(spl)m7 within PNCs (Figure 27). However, halving the E(spl)
gene dose reduces the activity of transgene-derived E(spl)m7 and E(spl)m8 proteins
evidenced by their lower effect on the bristle loss (Figure 23). These results indicate
complexity of interactions between E(spl) proteins. One important feature of the bHLH E(spl)
has to be considered: they act (as repressors) as homodimers and heterodimers with other
bHLH E(spl) proteins. Different heterodimers could have distinct context-dependent
properties, e.g., binding specificity, potency of inducing repression. However, E(spl)m7 and
E(spl)m8 can also act on their own. Even the wild-type version of the genomic transgene (T
is capable of (partially) rescuing supernumerary macrochaete in E(spl) null clones. Moreover,
the same transgene in the wild-type background (i.e., as an extra copy of E(sp/)/m7 and
E(spl)m8 genes) has virtually no effect on bristle loss, even less so on survival of the animals.
This demonstrates plasticity of the E(spl) locus.

The wild-type background (two copies of the E(spl) locus) provides substantial
repression for the E(sp/)m7 and E(spl)m8 genes, but it is not sufficient, on its own, to maintain
proper (low) levels of the proteins expressed by these genes. It is most clearly manifested by
the frequent macrochaete loss caused by the genomic transgene in which E(sp/)m7 and
E(spl)m8 genes are devoid of the regulation mediated through their cognate 3' UTRs (i.e.,
replaced by SV40 and ADH 3' UTRs) (Figure 21). Similarly, when transcriptional repression is
compromised (in E(spl) null clones), modifications of the 3' UTRs result in even greater activity
of E(spl)m7 and E(spl)m8. This is best manifested in microchaete patterns. The full rescue of
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the supernumerary E(spl)” microchaete phenotype is observed only with the transgene
expressing E(spl)m7 and E(spl)m8 at intermediate levels (the transgene with microRNA-boxes
and Eg/Ec-boxes mutated, T2“™, Figure 28 E). Lower expression levels of these genes (from
transgenes bearing wild-type 3' UTRs) do not rescue, whereas, higher expression levels (from
a transgene bearing SV40 and ADH 3' UTRs) lead to a loss of microchaete (Figure 28). The lack
of rescue by the transgenes containing wild-type 3' UTRs indicates that the compromised
transcriptional repression is not sufficient to yield levels of E(spl)m7 and E(spl)m8 needed for
normal patterning of microchaetes when translational repression is unaffected. The loss of
microchaetes caused by the transgene containing SV40 and ADH 3' UTRs in E(spl) null clones
and the fact that this same transgene does not affect patterning of microchaete in the wild-
type background (E(spl)**) reveal that transcriptional repression can efficiently buffer against
deficient post-transcriptional control. In sum, these and other results presented in this
manuscript demonstrate that transcriptional and post-transcriptional repression are
prominent regulatory modes utilized by E(spl) genes. Their profound impact on the E(spl) gene
expression suggests that these mechanisms are important constituents of the plastic and
robust trait of the multiple redundant components of the E(spl) locus.
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3. Chapter 2. The role of insulators in transgene transvection
in Drosophila

3.1. Abstract

Transvection is the phenomenon where a transcriptional enhancer activates a
promoter located on the homologous chromosome. It has been amply documented in
Drosophila where homologues are closely paired in most, if not all, somatic nuclei, but it has
been known to rarely occur in mammals as well. | have taken advantage of site-directed
transgenesis to insert reporter constructs into the same genetic locus in Drosophila and have
evaluated their ability to engage in transvection by testing many heterozygous combinations.
| find that transvection requires the presence of an insulator element on both homologues.
Homotypic trans-interactions between four different insulators can support transvection: the
gypsy insulator (Gl), Wari, Fab-8 and 1A2; Gl and Fab-8 are more effective than Wari or 1A2. |
show that in the presence of insulators, transvection displays the characteristics that have
been previously described: it requires homologue pairing, but can happen at any of several
loci in the genome; a solitary enhancer confronted with an enhancerless reporter is sufficient
to drive transcription; it is weaker than the action of the same enhancer-promoter pair in cis
and it is further suppressed by cis-promoter competition. Though necessary, the presence of
homotypic insulators is not sufficient for transvection; their position, number and orientation
matters. A single Gl adjacent to both enhancer and promoter is the optimal configuration. The
identity of enhancers and promoters in the vicinity of a trans-interacting insulator pair is also
important, indicative of complex insulator-enhancer-promoter interactions.

3.2. Introduction

Classical studies of changes in gene expression caused by alterations of genomic order
pointed to a close link between the organization of chromatin and the robustness of gene
regulation. Parallel observations of nonrandom distribution of chromosomes in interphase
nuclei through microscopy seemed to confirm this link (Cremer and Cremer 2010), which was
further only reinforced by methods such as Hi-C (Lieberman-Aiden et al. 2009; Hou et al. 2012;
Sexton et al. 2012; Feng et al. 2014), uncovering a high degree of accuracy with which genome
assembles. Highly conserved associations within single chromosomes led to distinction of
higher-order chromatin modules, so called 'topologically associating domains' (TADs) (Dixon
et al. 2012; Sexton et al. 2012), within which associations are favored. It has long been
demonstrated that physical proximity between distant enhancer and a promoter can bridge
their activities into an operative transcriptional unit (Dunaway and Droge 1989; Miiller et al.
1989; Mahmoudi et al. 2002; Vieira et al. 2004), and instances of analogous cases in vivo have
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been reported since then in vast number among all taxa (for example (Ronshaugen and Levine
2004; Spilianakis et al. 2005; Lomvardas et al. 2006)).

Structuring chromatin fibers is complex and involves an array of multilayered
organization. The lowest level of chromatin structure consists a chromosome comprising one
molecule of DNA. The functional unity of a diploid genome relies not only on
intrachromosomal, but also on interhomologous and interheterologous interactions between
chromosomes. Homologous pairing is one of the key aspects of nuclear organization and an
intrinsic property of all sexually reproducing Eukaryotes; it is a general attribute of meiosis
where it has a well-established role in homologue segregation (McKee 2004). However,
homologous pairing in somatic interphase nuclei occurs to different extents among species
(McKee 2004; Apte and Meller 2012). In most studied cases, including plant species (Bollmann
et al. 1991), fungi (Aramayo and Metzenberg 1996) and mammals (Apte and Meller 2012),
nonmeiotic chromosome pairing is observed only at sporadic loci, or at centromeres as is the
case of diploid buddying yeast (Apte and Meller 2012). In Dipteran insects, however,
homologous pairing seems to be a general feature of nuclear organization (Stevens 1908;
Metz 1916; McKee 2004). In Drosophila, homologous chromosomes are intimately associated
from end to end in virtually all the interphase nuclei of the organism (McKee 2004). The
polytene chromosomes of the salivary glands are an extreme example of such an association
where up to thousands of chromatids are joined together with close synapsis along their entire
lengths (Duncan 2002).

3.2.1. Homologous pairing in mammals

The ubiquitous presence of homologous pairing in interphase nuclei of Drosophila is in
striking contrast to that observed in mammals, where such a general somatic pairing has not
been observed. Homologous chromosomes have been shown to exhibit a low frequency of
joint damage after laser-UV-microirradiation and caffeine treatment in Chinese hamster lung
cells (Cremer et al. 1982) and to rearrange infrequently (via homologous exchange) after
irradiation (Boei et al. 2006). Moreover, numerous accounts of homologous pairing have been
associated with human cancer cells (Haaf and Schmid 1989; Lewis et al. 1993; Brown et al.
1994; Williams et al. 1995; Atkin and Jackson 1996; Zhang et al. 1997; Koeman et al. 2008) and
diseases (LaSalle and Lalande 1996; Stout et al. 1999; Thatcher et al. 2005). The human
chromosomes are segregated in distinct domains of the nucleus (Cremer and Cremer 2010)
and seem to rarely come into contact; or at least, the inter-homologue distances are observed
to be larger than inter-heterologue distances (Heride et al. 2010). It is thought that
maintaining a spatial separation between homologous chromosomes in human cells is an
important condition for genome stability and proper gene expression (Heride et al. 2010).
Most somatic pairing events occurring in normal human cells are attributed to regions
involved in establishment or maintenance of monoallelic expression (Hu et al. 1997; Duvillie
et al. 1998). Mutations that affect the competence for pairing of either allele were shown to
have an impact on expression of the second allele (Hu et al. 1997; Duvillie et al. 1998; Tsai et
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al. 2003; Landers et al. 2005). In the most prominent example, at the onset of X-chromosome
inactivation, the interaction between two X chromosomes is needed to break symmetry and
destine one homolog for silencing (Anguera et al. 2006). The well-studied homologous
associations in mammals are transient and tightly regulated (Williams et al. 2010). In the latter
case, the two X's pair at the X inactivation center (Xic) locus (Sun et al. 2010); Xic pair parts
after 30 minutes from its formation when the X chromosomes assume different fates (Xu et
al. 2007); its initiation requires active transcription at the locus (Xu et al. 2007), binding of
CCCTC-binding factor (CTCF) (Xu et al. 2007) and the pluripotency factor, Oct4 (Donohoe et al.
2009). Examination of this and other cases of interchromosomal associations in mammals led
to observation that these interactions happen preferentially between transcriptionally active
genes (Lieberman-Aiden et al. 2009; Yaffe and Tanay 2011). This correlation was further
examined and the model was proposed whereby homologous pairing is facilitated by (in
addition to other requirements) large-scale active features comprising the trans-interacting
regions. In this view, specific homologous alleles happen to come into proximity within
specialized transcription factories where they have an opportunity for transcriptional
regulation in trans (Krueger et al. 2012). These observations indicate that homologous pairing
in somatic mammalian cells, although biologically significant, is infrequent, transient and
localized.

3.2.2. Homologous pairing and transvection in Drosophila melanogaster

In contrast, the omnipresent homologous pairing in Drosophila seems to have a minor
biological importance (Wu 1993). A homologue asynapsis caused by gross chromosomal
rearrangements, including deletions, generally are viable, and haploid patches of tissue
survive to adulthood (Santamaria 1983; Wu 1993). There are just a few observations where
homologous pairing is important for wild-type levels of gene expression. It has been
demonstrated for Ultrabitorax (Ubx) gene product (Goldsborough and Kornberg 1996) and for
spineless (ss), where in the latter case, homologous pairing is proposed to coordinate the
expression state between stochastically expressed alleles of ss (Johnston et al. 2014). Despite
the apparent rarity of pairing-dependent need for gene regulation, a wealth of pairing-
sensitive intragenic complementations between mutant alleles are documented at numerous
loci (for example: (Lewis 1954; Gelbart 1982; Geyer et al. 1990; Leiserson et al. 1994),
reviewed in (Duncan 2002)). These intragenic complementations are a result of a case of gene
regulation termed transvection (Lewis 1954), whereby an enhancer's activity is deposited on
a promoter located in the second allele of the same locus. Transvection describes all
phenomena of gene regulation underlying somatic homologue pairing, including gene
activation and silencing (Sigrist and Pirrotta 1997; Chen et al. 2002; Mellert and Truman 2012).
However, transvection effects, often exhibit a variegated pattern of gene expression,
suggesting stochastic interactions between the homologs (Bateman et al. 2012a; Mellert and
Truman 2012). Importantly, the observed variegation is not an effect of increased distance
between enhancer and promoter apposed in trans, as distancing enhancer-promoter pair in
cis reduces and delays transcription but does not lead to variegation (Bateman et al. 2012a).
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This could mean that homologous pairing in Drosophila is particularly dynamic. Indeed, precise
measurements, assaying activity of malic enzyme (MEN), , revealed that trans-regulation in
the men locus is more susceptible to environmental changes and genetic background,
compared to more robust cis-regulation of men (Bing et al. 2014). Moreover, levels of
transvection are repeatedly reported to vary between cell types (Fedorova et al. 2008; Mellert
and Truman 2012), loci (Chen et al. 2002; Fedorova et al. 2008) and fly lines (Fedorova et al.
2008). In one study trans-activated transcription was measured to be, depending on the locus,
1,7 to 2,2% of the total levels of cis-activated transcript (Bateman et al. 2012a).

The current thinking about homologous pairing in Drosophila proposes a central
structural role in organizing the genome. However, its role in gene regulation remains
mysterious. Dynamic behavior and modest influence on gene function implicate transvection
in augmenting phenotypic plasticity (Bing et al. 2014). It is postulated to affect buffering the
copy number variation (CNV) (Zhou et al. 2011), early dosage compensation (Laverty et al.
2011), position—effect variegation (PEV) (Dernburg et al. 1996), but its role may be subsidiary
or compensatory to more direct regulatory mechanisms of gene dosage (Apte and Meller
2012).

Maybe the most compelling adaptive advantage of extensive homologue pairing in
Drosophila is borne out from studies on homologous recombinational (HR) repair pathway
(Gloor 2002; Wyman et al. 2004). It was shown that the homologous chromosome is
frequently used in gene conversion (GC), a mode of HR, for repairing the double-strand breaks
(DBSs), like those generated by the /-Scel endonuclease (Rong and Golic 2003). This
observation suggested that allelic recombination is a prominent repair pathway in Drosophila
and can effectively compete with intrachromosomal recombination (Rong and Golic 2003). In
contrast, the homologous chromosome is rarely used for HR repair in mammalian cells where
nonhomologous end joining (NHEJ) repair outcompetes allelic recombination (Stark and Jasin
2003).

It is curious why homologous pairing is generally prohibited in mammals and yet so
robust in Drosophila. Conceivably, Drosophila and mammals developed fundamentally
different strategies to organize their genomes and gene expression. The most obvious
manifestation of this difference is careful allocation of chromosomes in discrete territories of
mammalian nuclei, compared to overall insensitivity to mutual cross-regulation by closely
associated homologs in Drosophila. It may imply a shift in the mechanisms controlling gene
dosage linked to a one of many alternative ways in which genome can be organized.

3.2.3. Determinants and dynamics of homologue pairing

The pairing kinetics of FISH-labeled loci in the blastoderm (pre nc14) embryos suggests
that the capacity of homologous chromosomes to pair is proportional with the duration of the
cell cycle. Following fertilization, Drosophila embryo progresses through 13 synchronous
mitotic cycles to create a syncytial blastoderm with thousands of nuclei arrayed below the
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surface of the outer membrane (Foe and Odell 1993). Initially, mitotic divisions are a few
minutes long and then slow down during cycles 11-13 before finally pausing for at least 60
minutes during interphase 14, at which time the syncitial blastoderm cellularizes (Foe and
Odell 1993). Accordingly, pairing between homologs is not observed in cell cycle 12, that takes
13 minutes to complete; the first paired loci emerge during the 25 minute-long cycle 13, and
the high levels of pairing are apparent during cycle 14, which can last up to 175 minutes (Fung
et al. 1998; Gilbert 2000). This correlation led to presumption that the rise of pairing in cycle
14 is due to the extended time of this cycle, and not due to a newly acquired competence for
pairing during this cycle (Dernburg et al. 1996; Fung et al. 1998; Gemkow et al. 1998).

Pairing interactions begin to form during the nuclear cycle 13 (nc13) of Drosophila
embryogenesis which foreshadows vast changes in embryonic development, cellularization
and the maternal-to-zygotic transition (MZT) (Anderson and Lengyel 1979; Edgar and
Schubiger 1986; Gilbert 2000). At the beginning of each mitotic cycle prior to nc14, unpaired
homologs adopt the extended and highly nonrandom 'Rabl' conformation that is polarized
along the nucleus with centromeres at one nuclear pole and telomeres at the other (Foe and
Alberts 1985; Hiraoka et al. 1990). Each of the chromosomes at this stage occupies a distinct,
largely nonoverlapping territory in the nucleus (Marshall et al. 1996). The fluorescent in situ
hybridization (FISH) single-particle tracking of chromatin motion revealed that the
displacement of chromatin results from diffusion, rather than from active motility (Marshall
et al. 1997; Vazquez et al. 2001). This movement is confined within a limited subregion for a
given locus (Marshall et al. 1997; Vazquez et al. 2001), and its dynamics is independent of the
size of a chromosome (Gemkow et al. 1998). Colocalization of twin FISH foci linearly situated
on the homologous chromosomes does not progress sequentially, implying that the stable
homologous association along the length of chromosomes are formed by multipoint
recognition (Fung et al. 1998). These observations lead to a model whereby the pairing of
homologous chromosomes initiates at the start of each interphase (after nc13) and
propagates by random diffusional contacts between multiple independent sites of spatially
constrained homologs.

Observable effects of pairing-sensitive gene regulation are often taken as an indication
of paired state between homologs. One such assay relies on the ability for complementation
between two alleles of a given gene, one lacking an enhancer and another lacking a promoter.
Many such phenotypic complementations are observed when the structure of the
chromosomes on which these alleles reside is largely preserved (Lewis 1954; Duncan 2002).
However, when the same mutant alleles are apposed on two structurally different homologs,
e.g. one intact and one containing rearrangements, transvection can be suppressed (Lewis
1954). Elimination of Transvection in this case echoes the disruption of pairing, which is
brought about by structural asymmetry of homologs (Hiraoka et al. 1993; Gemkow et al.
1998). The level of this inhibition usually reflects the size and the type of chromosomal
rearrangements; for example, a large pericentric inversion (containing the centromere)
typically inhibits complementation of an allele which is proximal to the breakpoint, while a
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smaller paracentric inversion (within the chromosome's arm), even if it encompasses the
allele, may still support transvection, albeit with a smaller degree (Lewis 1954; Gelbart 1982;
Leiserson et al. 1994; Golic and Golic 1996; Bing et al. 2014). Nevertheless, pairing interactions
between the alleles contained in these rearrangement heterozygotes can be restored in
mutant backgrounds which slow the rate of cell division, indicating that Drosophila
chromosomes retain the ability for homologous pairing even if they are faced with structural
rearrangements (Golic and Golic 1996). It can explain, at least in part, the cell specificity of
transvection effects and why the pairing between certain alleles is relatively sensitive to many
rearrangements, while in case of the others is not; for example, structural heterozygosity
easily disrupts transvection of eyes absent (eya), but not of the brown (bw) alleles, although
both of these genes function in the same tissue, in the eye; however, eya functions in cells just
anterior to the morphogenetic furrow where the cells are either actively dividing or have
recently divided, while brown is expressed in cells that completed their final mitotic division
several days earlier (Golic and Golic 1996). Thus, it seems that the association of homologous
sequences is only delayed by a structural heterozygosity and it can be prevented when given
insufficient time to occur in the cells with relatively fast rate of mitotic divisions (Golic and
Golic 1996).

These observations suggest uniform kinetics of diffused chromatin and a common
mechanism of homology search for all chromosomes. Such mechanism of sensing and pairing
was postulated to rely on sequence-directed protein-independent assembly of similar dsDNA
molecules (Inoue et al. 2007; Danilowicz et al. 2009) and on the DNA sequence-based selective
association between nucleosomes with identical DNA sequence (Nishikawa and Ohyama
2013), both principles substantiated experimentally in vitro. In this simplistic view,
homologous pairing is deterministic and requires just enough time to take place. Thus, the
onset of pairing is derived from the correlation of the distance between the homologs and the
time for chromatin to self-assemble given by the length of a cell cycle. The regulation of
homologous pairing would therefore involve mechanisms that control anchoring
chromosomes to the attachment sites of nuclear skeleton and constrain chromatin motion by
affecting its diffusibility and propensity for self-recognition.

However, local homology is not the sole determinant for chromosome pairing. A study
on pairing kinetics between structurally rearranged chromosomes showed that the same FISH-
labeled homologous loci converge with lower frequency in homozygotes for rearranged
homologs than in homozygotes for wild-type chromosomes (Hiraoka et al. 1993). Therefore,
it seems that chromosomal position and surroundings of a given locus can determine kinetics
of homology search for this locus.

This locus-sensitive competence for pairing raises the possibility that pairing between
different loci is regulated by distinct mechanisms, in addition to global determinants of
pairing. Particular loci were accordingly found to colocalize with specific features of nuclear
structure. 7 out of 42 FISH probes targeted to chromosome 2L were consistently coinciding
with nuclear lamina in early embryos (Marshall et al. 1996). Similar observation revealed
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preferential association of the X-linked heterochromatic 359 base pair (bp) repeat sequence
to nuclear scaffold attachment sites (Kas and Laemmli 1992; Marshall et al. 1997). The
existence of specific interactions of discrete loci situated along the chromatin fiber with
nuclear envelope and nuclear matrix suggests that these interactions are effectively impacting
the range and the rate of chromosome motility (Vazquez et al. 2001). Moreover, the state of
chromatin also has a consequence on the variable kinetics of pairing among different loci
across homologs. Regions in or near centric heterochromatin pair significantly less or pair
more slowly than euchromatic regions (Williams et al. 2007), implying possible mechanistic
differences between heterochromatic and euchromatic pairing (Joyce et al. 2012).
Heterochromatin is thought to be less prone to homologue pairing, possibly due to its
repeated nature and propensity for intramolecular associations (Williams et al. 2007).

The correlation of the onset of pairing with the initiation of zygotic transcription raises
the possibility, on one hand, that pairing is induced by some zygotic gene product/s (Hiraoka
et al. 1993), and on the other, that the nucleation of pairing may be coupled with
transcriptional state of a given locus, e.g. whereby transcriptionally competent 'apposed'
alleles would colocalize or compete for the same transcriptional factories (Cook 1997).
However, no particular zygotic gene product was found essential for pairing to initiate in the
cell cycles 13 and 14 of embryogenesis, implying that the early inclination of homologs to pair
may be a part of the developmental program encoded by the maternal genome (Bateman and
Wu 2008). Dependence of homologous pairing on transcriptional state of paired loci also
seems unlikely. For instance, the pairing frequencies between FISH-tracked alleles of the
Bithorax-Complex (BX-C) are comparable in all cells of the embryo, independently of the BX-C
transcriptional activity (Gemkow et al. 1998).

There are significant differences between levels of pairing depending on locus, cell
type, time of development and stage of the cell cycle (Csink and Henikoff 1998; Fung et al.
1998; Gemkow et al. 1998; Sass and Henikoff 1999; Vazquez et al. 2002; Ronshaugen and
Levine 2004; Fritsch et al. 2006). For example, a great majority of cells during the first 20
minutes of the 14th embryonic mitotic cycle shows complete pairing at the repetitive histone
locus which is not interrupted until anaphase (Hiraoka et al. 1993; Fung et al. 1998). In
contrast, the frequency of homologous pairing in the bulk of hypotonically treated nuclei from
squashed larval central nervous system (CNS) is partially disrupted during the course of S-
phase and decreases from 85% to 75%, or 75% to 60%, depending on the locus (Csink and
Henikoff 1998). Because of the several observations that entry into S-phase and G2/M
transition may affect pairing, a link was suggested between cell cycle and homologous pairing
(Csink and Henikoff 1996; Fung et al. 1998; Williams et al. 2007).

Further implications come from the generally observed stochasticity of pairing events.
In the case of the BX-C locus, the homologous alleles coincide in 60-70% of the postmitotic
cells of the embryo and are never observed to associate with a higher frequency than 70%
(Gemkow et al. 1998). Other studies also report that pairing frequencies rarely attain 100%,
and a characteristic frequency of pairing is attributed to corresponding tissue, time of
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development, stage of the cell cycle and locus (Dernburg et al. 1996; Fung et al. 1998; Gemkow
et al. 1998). These variations in pairing between cells but with reproducible frequencies
among the type of tissue suggested that association of the homologs stays in equilibrium with
a dissociated state. It was speculated that unpaired states represent local 'breathing' of
homologous chromosomes and reflect the need of creating regions with sufficient number of
open regions without homologous interactions to allow cis and nonhomologous trans-looping,
and movements required during transcriptional processes (Gemkow et al. 1998). However, a
kinetic model of homologous pairing implies that the dissociation of paired homologous
regions of chromatin is energetically disfavored and therefore induction of the unpaired state
has to be actively promoted (Fung et al. 1998).

3.2.4. Regulators of homologous pairing

Two independent studies used Drosophila cultured cells, RNAi knockdown and high-
throughput FISH technology (Hi-FISH), to identify potential regulators of homologous pairing
(Bateman et al. 2012b; Joyce et al. 2012). These screens revealed in total 44 candidate 'pairing'
genes (whose inhibition decreased the frequency of single-signal nuclei) and 65 'unpairng'
genes (whose inhibition increased the frequency of single-signal nuclei), with significant
overlap between hits in both screens (Bateman et al. 2012b; Joyce et al. 2012). In total, 70%
of the 'pairing' genes have known roles in cell division, while the function of the half of the
'unpairing' genes is linked to the cell cycle progression, with another third of the 'unpairing’
genes associated with transcription or transcription-related processes (Joyce et al. 2012). Of
significant meaning is a large number of the 'unpairing' genes whose activity is during
interphase (while the most 'pairing' factors are involved in the mitotic division), thereby
suggesting that the paired state of homologs is actively regulated in the interphase nuclei.
Moreover, a large number of inhibitors of pairing is involved in cell cycle regulation, indicating
that the disruption of pairing is functionally coupled to the progression of the cell cycle. This
in turn may suggest that the discrete stages of cell cycle are sensitive to genetic interactions
that rely on pairing.

In another study, overexpression of a component of condensin Il complex, Cap-H2, was
shown to induce disassembly of salivary gland polytene chromosomes and inhibit transvection
effects in larval wing tissue, and reciprocally, the loss of Cap-H2 stimulated transvection (Hartl
et al. 2008). This outcome was particularly intriguing as Condensin Il is proposed to mediate
chromosome condensation which results in assembling metaphase chromosomal structure
(Hirano 2006), suggesting that chromosome compaction also takes place in interphase nuclei
and antagonizes homologue alignment (Hartl et al. 2008; Smith et al. 2013). In line with this
finding, the RNAi knockdown of Cap-H2, or any of the several components of the Condensin Il
complex recovered in the Hi-FISH screen, enhanced homologous pairing (Joyce et al. 2012). In
addition, one third of the 'pairing' genes were found to act in a Cap-H2 dependent manner, as
their depletion combined with the loss of 'unpairing' Cap-H2 activity could restore pairing to
wild-type levels (Joyce et al. 2012). Taken together, these findings imply the existence of a
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regulatory network of genes that control somatic pairing along the duration of the cell cycle,
and that some of these genes may facilitate pairing indirectly by inhibition of condensin Il
activity. Moreover, what appears here, is the emergence of a close relationship between cell
cycle and condensed state of chromosomes in regulating homologous pairing. Finally,
although a link between regulators of cell cycle and homologous pairing can account for
changes in pairing levels observed throughout the cycle, the striking result of these findings is
the number of more than 100 genes involved directly or indirectly in regulation of pairing. This
includes components of the Anaphase-Promoting Complex (APC), protein turnover
machinery, chromatin proteins among others, and suggests a still more complex layer of
pairing regulation.

The relationship between homologous pairing and transvection is not clear. Several
chromatin proteins were identified to regulate transvection, including Zeste, Polycomb
proteins and Suppressor of hairy wing [Su(Hw)] (Jack and Judd 1979; Babu and Bhat 1980;
Pirrotta et al. 1985); however, none of those were recovered in the Hi-FISH screens for
regulators of homologous pairing (Bateman et al. 2012b; Joyce et al. 2012), suggesting that
homologous pairing and transvection are mechanistically unrelated.

3.2.5. Insulators

Insulators were initially discovered as boundaries of loop domains because of their
ability to establish inter-insulators’ regions of independent regulatory activities (Grosveld et
al. 1987; Kellum and Schedl 1991). Subsequently, two seemingly opposing functions were
ascribed to insulators: they blocked or promoted enhancer-promoter interactions depending
on the relative position, orientation and arrangement of these elements (Bell et al. 1999; Cai
and Shen 2001; Muravyova et al. 2001; Melnikova et al. 2004; Gruzdeva et al. 2005; Comet et
al. 2006; Kyrchanova et al. 2008b; Ali et al. 2016; Chetverina et al. 2017). These activities of
insulators are currently reconciled in a model which postulates that orientation-dependent
pairing between compatible insulators restricts interactions between regulatory elements
located on the opposite sides of the paired insulator conformation, while promotes the
interactions which are found on the same side to the paired insulators (Kyrchanova et al.
2008b; Fujioka et al. 2016; Chetverina et al. 2017). Thus, this model implies autonomy of the
interaction between insulators, and that this interaction determines transcriptional activities
indirectly by increasing or decreasing spatial proximity between competent enhancers and
promoters. A requirement for mediating transcriptional activation would be a close
association of insulators with enhancers and promoters. Indeed, Drosophila insulator proteins
are enriched at or near active enhancers (Cubefias-Potts et al. 2016) and active promoters
(Bartkuhn et al. 2009; Bushey et al. 2009; Negre et al. 2010), and examples of this
configuration have been demonstrated to mediate transcriptional activation in Drosophila and
mammals (Sigrist and Pirrotta 1997; Muller et al. 1999; Kravchenko et al. 2005; Gruzdeva et
al. 2005; Vazquez et al. 2006; Xu et al. 2011; Guo et al. 2012, 2015). There is growing evidence,
however, that the specific interactions between proteins bound to insulators with those
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bound to promoters and/or enhancers constitute an additional layer providing specificity to
the enhancer-promoter interactions. Indirect association of insulator proteins (i.e., recruited
via protein-protein interaction and not through DNA sequence specific binding) is frequently
detected on Drosophila active promoters (Liang et al. 2014), Su(Hw)-bound gypsy insulator
(GI) was shown to interact with an enhancer (Kyrchanova et al. 2013), and, to physically and
genetically interact with promoters (Cai and Levine 1997; Wei and Brennan 2000, 2001;
Golovnin et al. 2005; Kurshakova et al. 2007; Chopra et al. 2009; Erokhin et al. 2011). More
recently it has been shown that the Drosophila bithorax complex (BX-C) Fab-7 and Fab-8
insulators themselves direct their neighboring enhancers to their appropriate gene promoter
(Postika et al. 2018). These observations suggest that insulators-bound proteins can interact
with enhancer- and promoter-bound factors, and that these interactions confer specificity to
the long-distance communication between the regulatory domains and their respective target
genes.

Su(Hw) is one of many insulator-bound proteins found in Drosophila. Insulator
elements bound by Su(Hw) and other proteins have been sporadically correlated with
transvection, but their role in this process remains obscure. Whereas some studies propose
that insulators are needed for transvection (Lim et al. 2018), others propose that they only
have an accessory role (Kravchenko et al. 2005; Schoborg et al. 2013), or that they affect
transvection by promoting homologue pairing (Fujioka et al. 2016).

3.3. Objectives

Transgenic reporter genes are powerful tools for studying gene regulation. However,
a transgene is often susceptible to interactions with surrounding chromatin leading to
significant variations in expression patterns and levels, depending on the site of insertion in
the genome (Levis et al. 1985). In order to factor-out these "position effects" multiple lines of
transgenic animals must be studied. Recently, this problem has been tackled by two strategies
now widely used in Drosophila. One relies on the ability to guide integration of a transgene to
a specific location in the genome via the use of the @C31-mediated integration system (Thorpe
and Smith 1998; Groth et al. 2004; Pfeiffer et al. 2008; Kvon 2015; Markstein et al. 2008). By
targeting all reporters to the same "landing site", they are directly comparable and only a
single transgenic line per construct needs to be analyzed. The second way to minimize
genomic position effects utilizes insulator sequences in transgenesis vectors.

| started using both of these approaches to characterize enhancer modules of two
neighboring Drosophila genes E(spl)m7 and E(spl)m8 (see Chapter 1 of this thesis). To that end
| generated a series of reporter constructs flanked by two copies of the insulator sequence
from the gypsy transposon (gypsy insulator, Gl) and integrated each construct into the same
attP locus. When | tested two different reporters in a heterozygous configuration, | noted that
they markedly affected each other's expression in trans.

59



Using the series of reporter transgenes, | decided to search for sequence determinants
of transvection.

3.4. Results

3.4.1. Enhancer element analysis of E(spll/m7 and E(spllm8 reveals a
transvection phenomenon

In a previous chapter of this thesis | characterized two upstream enhancers of E(sp/)m7
and E(spl)m8 genes, e7 and e8, which drive distinct expression patterns in the CNS and in the
wing disk and similar patterns in the eye disk (Figure 3). In the context of the genomic
fragment encompassing both genes, e7 and e8 are shared between promoters of the two
genes, p7 and p8, in the WM and AMPs of the wing disk (both genes expressed), but they act
exclusively on their downstream gene in the VNC midline (only m7) and the neuroblasts (only
m8).

When | made heterozygous animals containing both transgenes (e7p7-lacZ and e8p8-
GFPm8), | noticed that e7p7-lacZ displayed novel expression in the wing margin (characteristic
of e8), while e8p8-GFP was expressed in the AMPs (characteristic of e7) (Figure 29 C, compare
to Figure 29 A and B). This effect was observed when both transgenes were inserted into the
same attP landing site, either attP40 (chromosome 2) or attP2 (chromosome 3) (Figure 29 C
and D). No such inter-transgene interaction was observed when one transgene was inserted
in attP40 and the other in attP2 (Figure 29 E and F), suggesting that homologue pairing is
required for this interaction; in other words, we are observing a transvection phenomenon.
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Figure 29 e7p7 and e8p8 interact in trans. (A and B) cis-expression patterns in wing disks isolated from
hemizygous animals carrying e8p8-GFPm8 (A) or e7p7-lacZ (B) transgenes in the attP40 locus. (C-F) e8p8-
GFPm8 and e7p7-lacZ crossed in the same animal. When present as heterozygotes in the same locus (C in
attP40, D in attP2) both transgenes expand their pattern to locations dictated by their homologous transgene
(marked with dotted rectangles). Occurrence or not of transvection is marked by a + or — symbol, respectively,
in the middle of the panel. Red symbols refer to e7-> p8 transvection, also marked by red dotted rectangles.
Blue symbols refer to e8> p7 transvection, also marked by blue dotted rectangles. No transvection is observed
when the e8p8-GFPm8 and e7p7-lacZ transgenes are placed in the same animal, but in non-homologous loci (E
and F).

3.4.2. Transvection is mediated by homotypic interactions between Gls or Wari
insulators

Having encountered robust bi-directional gene activation in trans (e8p8 activated by
e’ in the AMPs and e7p7 activated by e8 at the WM), | decided to dissect the sequences that
mediate this phenomenon. Firstly, | asked whether the observed transvection is a general
phenomenon requiring only an enhancer paired to a promoter, or whether it depends on
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additional transgene sequences. The constructs in Figure 29 were based on the pPelican
vector (Barolo et al. 2000), which contains a pUC8 backbone, the mini-white gene, two gypsy
insulators (Gl) flanking a multiple cloning site (MCS), as well as a @C31 attB site inserted by
us. In order to systematically address the role of vector sequences | re-cloned the e7p7-lacZ
reporter construct into a minimal pBluescript backbone to which we added a @C31 attB site
to enable fly transgenesis and either the mini-white gene or a 3xP3-dsRed marker which
expresses DsRed in the adult eye in response to an artificial Pax6 (Toy/Eyeless) responsive
enhancer (Berghammer et al. 1999; Horn et al. 2000). All constructs for this analysis were
introduced into the attP40 locus.

Both pBluescript-based e7p7-lacZ constructs (mini-white and 3xP3-dsRed) expressed LacZ in
the same pattern as the original pPelican-based reporter. However, when they were tested in
trans to the original e8p8-GFPm8, no transvection was observed, namely we detected neither
LacZ in the WM nor GFP in the AMPs (Figure 30 B and C, compare to A). | concluded that
transvection at attP40 does not happen whenever an enhancer-promoter pair is placed in
trans, but needs additional sequences from the vectors. Upon flanking the e7p7-lacZ-3xP3-
dsRed reporter with two Gls in the same orientation as in pPelican, bidirectional transvection
(e8=>p7, blue dotted rectangle and e7->p8, red dotted rectangle in Figure 30 D) was restored
implicating the paired Gls as mediators of the effect. Because the Gl is known to be bound by
the Su(Hw) zinc-finger protein, which mediates its insulator activity (Parkhurst et al. 1988;
Spana et al. 1988; Spana and Corces 1990; Holdridge and Dorsett 1991; Geyer and Corces
1992; Gerasimova et al. 1995; Ramos et al. 2006), | tested my transgene pairs in a su(Hw)
mutant background. Indeed, e7>p8 (AMP) transvection was lost in this background, but,
surprisingly, e8> p7 (WM) transvection was now apparent in all transgene combinations that
had a mini-white marker in both homologues (Figure 30 A’, B’ and E'), even the one that had
not displayed this effect in wild type (wt) genetic background (Figure 30 B vs B'). | then
modified the pPelican-based e8p8-GFPm8 construct by removing its Gls. This construct was
capable of supporting e8>p7 transvection with the mini-white but not the 3xP3-dsRed
version of the pBluescript-e7p7-lacZ reporter in both wt and su(Hw) genetic backgrounds
(Figure 30 E/E' - F/F'). The simplest conclusion from these results is that e8> p7 transvection
in the WM occurs when mini-white is present on both homologues, but this effect is annulled
when Gls are placed nearby. Only upon removal of Gls from both homologues, or their
inactivation by su(Hw) loss, is this effect observed. On the other hand, the presence of Gls in
both homologues can sustain transvection in both directions, not only e82>p7 but also
e7>p8.
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Figure 30 Gls and mini-white mediate transvection. Wing imaginal disks from animals heterozygous for
variations of the e8p8-GFP-m8 and e7p7-lacZ transgenes. The two Gls in forward orientation, flanking the two
reporters, are indicated by black triangles; marker genes are located downstream of the second (3’) Gl: either
the mini-white gene (‘w’) or the 3xP3-dsRed cassette (“3xP3’). An image of the same disk from each genotype is
split into two channels: p8-driven GFP-m8 in green and p7-driven LacZ in red. Dotted rectangles (red and blue)
indicate cells (AMPs and WM, respectively) exhibiting transvection — also indicated by + or —in the same color
(red or blue). Each combination of transgenes (in rows) is tested in the presence of Su(Hw) (su(Hw)*", first
column, A-F) and absence of Su(Hw) (su(Hw)”", second column, A’-F’). All transgenes are inserted in the attP40
locus.
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Figure 31 White-mediated uni-directional transvection relies on the mini-white-contained Wari insulator
(WI1). Three fragments of mini-white, cloned in the e7p7-lacZ-3xP3 construct, were tested in the attP40 locus in
a transvection assay against an e8p8-EGFPm8 transgene containing full-sized mini-white (A-C). Neither
promoter region of mini-white (w°, 0.24 kb, A), nor its ‘gene body’ (w?, 2.4 kb, B) mediated transvection;
whereas the 3’ part of mini-white (w?, 0.9 kb, C) did exhibit uni-directional transvection in WM (blue dotted
rectangle; blue + sign). This fragment is known to contain WI. Addition of one or two Gls in the e8p8 construct
inhibited WI-mediated transvection (D-E). + and — signs refer to presence and absence of transvection,
respectively; red refers to e7=>p8 transvection (GFP in AMPs) and blue refers to e8> p7 transvection (LacZ in
the WM).

| mapped the transvection-mediating element of the white locus within its 3’ part: out
of 3 subfragments derived from mini-white in Figure 31 A-C, only its 3’'most 0.9 kb
recapitulated white-white-mediated transvection (Figure 31 C). It was previously reported
that this sequence contains the 3’-UTR as well as an insulator element, dubbed Wari (hereafter
referred to as WI) (Chetverina et al. 2008). Therefore, either of two different insulators, Gl and
WI, can promote transvection when placed in a paired configuration (in both homologues)
near an enhancer-promoter pair. Wl has been shown to have su(Hw)-independent insulator
activity, but also to interact with Gl in cis (Chetverina et al. 2008). When | confronted a WI-
containing e7p7-lacZ with a WI-containing (mini-white) e8p8-GFPm8 flanked by Gls (Figure 31
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D), transvection was abolished, consistent with what | had observed earlier with the entire
mini-white (Figure 3B). | hypothesized that this inhibition could result from presumptive
insulation imposed by the Gl located between e8 and WI in e8p8-GFPmS8, thereby restricting
access of WI to e8. This was not the case, as the inhibition of WI-mediated transvection was
sustained even when | deleted the 3' GI, leaving only the 5' Gl intact (Figure 31 E). Thus, a
heterotypic GI-W!I interaction in cis can disable the homotypic WI-WI-mediated transvection
but not the GI-GI-mediated transvection. However, | should emphasize that this inhibition was
context-dependent and quite an opposite action of Gl, namely enhancement of WI-WI-
mediated transvection, was also possible in a different context (described later in this
manuscript — see Figure 48).

3.4.3. Gl-mediated transvection is promiscuous, whereas WI-mediated
transvection is highly selective

Because e7p7 and e8p8 interact in cis in their native context (Figure 1A, B), it raises the
possibility that the transvection | observed is tied to the specificity of these two regulatory
modules for each other. Thus, | sought to determine whether Gls and WIs could mediate
transvection of e7p7 and e8p8 to an unrelated, heterologous promoter. To address this
question, | generated an enhancerless construct containing a basal promoter commonly used
in assaying enhancer activity, derived from the Drosophila hsp70 gene (hereafter referred to
as pH). As expected, a transgene carrying this minimal pH promoter fused to GFP, flanked by
Gls and marked with mini-white displayed, on its own, no expression in wing disks or CNS
(Figure 32 A). When crossed to an e7p7-lacZ construct, congruent in two flanking Gls and mini-
white, GFP was detected with the e7-specific pattern (Figure 32 B compare GFP (trans) to LacZ
(cis)). This activation of pH in trans relies on homotypic interaction between Gls, as disparity
between transgenesis markers (but retention of congruent Gls) did not affect transvection of
e7 (Figure 32 C), while removal of Gls from one of the transgenes (with congruent mini-white
markers) abolished the effect (Figure 32 D). Unlike the e8p8—>e7p7 transvection, removing
Gls entirely, but keeping congruent mini-white markers did not support transvection (Figure
32 H). Therefore, paired WIs cannot support transvection between e7 and pH.
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Figure 32 Gls, but not WIs, mediate transvection of e7 and 3xP3 enhancers to a heterologous, enhancerless
hsp70 promoter (pH). Representative late larval wing disks and CNSs from the indicated genotypes are shown.
(A-H) Projections of trans (GFP, green) and cis (LacZ red and DsRed blue), when present, expression from the
same wing disk or CNS of each sample. The ph-gfp produces no (cis) expression as a hemizygote (A, E), other
than tracheal branch in the uninsulated version (white arrow in E), probably originating from enhancer
trapping. The same is observed in the insulated version upon Gl inactivation in the su(Hw)” background (F and
G). Only combinations of transgenes with Gls in both homologs support transvection (GFP in AMPs and CNS in
B and C), while congruency in white in the absence of Gls in one or both homologs does not (D, H). Depletion of
Su(Hw) protein abolishes transvection (F and G, which bear the same transgenes as B and C, respectively). Note
a dotted pattern in the CNS in C, manifested by the 3xP3 activity in cis (DsRed, in blue) and in trans (GFP, in
green), which comes from a glial cell population (see blue pattern in Figure 1 A). The artificial 3xP3 enhancer
does not drive expression in wing disks.

Interestingly, in this set of experiments, Gls mediated trans-activation of the pH
promoter not only by the e7 enhancer located in between the two Gls, but also by an enhancer
exterior to the two Gls: the 3xP3, which displays strong expression in a subset of glia in the
CNS (Figure 32 C). Depletion of Su(Hw) suppressed transvection of both enhancers, e7 (Figure
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32 F, G) and 3xP3 (CNS in Figure 32 G), and allowed pH to trap a tracheal enhancer (in cis) in
the vicinity of attP40 (white arrows in Figure 32 F, G). The fact that two unrelated enhancers,
e7 and 3xP3, can transvect to a heterologous promoter, pH, suggested that Gl-mediated
transvection is unselective for enhancer-promoter pairs. This prompted me to use the Gls-
containing transgene system to screen for putative enhancer elements across the 50 kb long
E(spl) locus. A collection of 18 fragments of this locus inserted in a transgene between two Gls
activated specific patterns of expression in trans from the Gl-flanked pH-gfp transgene (Figure
33)—afull 15 out of these 18 fragments displayed robust enhancer activity in third instar larval
disk/CNS tissue. Additionally, using this system, | was able to recapitulate in trans the cis-
pattern of another enhancer unrelated to the E(spl) locus, the vestigial quadrant enhancer
(last column, Figure 33).
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Figure 33 Gl-mediated transvection is compatible with many developmental enhancers. A map of the E(spl)
locus is shown on top and DNA fragments are marked as green rectangles with indicated length in kb. Each of
these DNA fragments ('eX' in the constructs' scheme) was inserted into a transgene between Gls, placed in
trans to Gls-flanked pH-gfp transgene in attP40. Heterozygotes were tested for activating pH-gfp expression in
larval CNS (top), wing disk (middle) and eye-antennal disk (bottom row). Another fragment, unrelated to the
E(spl) locus, the vestigial quadrant enhancer (vgQ, last column) recapitulates its cis activity in trans (GFP
expression only in the wing disk).

Unlike GI, WI-mediated transvection was specific for the e8p8/e7p7 combination and
mediated trans-activation of p7 by e8 unidirectionally. To test the possibility that WI-mediated
transvection is specific for the E(sp/)m7 promoter (p7), | tested various minimal GFP reporters
driven by different basal promoters, pH, p7 and E(sp/)m8 promoter (p8). | confronted these
enhancerless non-expressing reporters with an e8p8-lacZ transgene. | made sure that all
combinations were congruent for both Gls and mini-white, which enabled me to
simultaneously test Gl-mediated transvection in a wt background and WI-mediated
transvection in the absence of Su(Hw) (Figure 34). All three basal reporters responded to e8p8
enhancer in a su(Hw)*" background (Gl-dependent transvection); the p7 was by far the
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Figure 34 WI-mediated trans-activation by the e8 enhancer requires the presence of the e7 enhancer on the
other homolog. All transgenes contain Gls and mini-white and are inserted in attP40. (A-F) Wing disks from
animals hemizygous for the indicated GFP transgenes. When GFP is driven by the pH promoter (A), E(spl)/m7
(p7) promoter (B) or E(spl)m8 (p8) promoter (C), no expression is observed; addition of the e7 enhancer to any
of these promoters (D-F) results in e7-specific expression pattern of the GFP; note the lack of WM expression.
G-L show wing disks from animals heterozygous for the same gfp A-F transgenes and e8p8-lacZ. M-R show the
same transgene combinations in disks derived from su(Hw)”- mutants. Blue and red dotted rectangles highlight
cells exhibiting trans-activity of e7 (in AMPs) and e8 (in WM), respectively. These are also summarized by blue
and red signs, respectively. + indicates transvection, - no transvection.

strongest responder, with pH following and p8 showing a very weak activation (Figure 34 A-
C). However, in the su(Hw)”- background (WI-dependent transvection), the e8 enhancer did
not transvect to any of the three promoters (Figure 34 M-O, compare to Figure 34 G-I).
Therefore, the unidirectional e8p8—>e7p7 transvection supported by WIis was not due to a
selectivity of WI for p7. When the three basal promoters were fused to the e7 enhancer
(Figure 34 D-F), these reporters started expressing (as hemizygotes) in the AMPs and some
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proneural clusters, but not in the WM, consistent with the activity of the e7 enhancer (Figure
34 D-F). Once confronted in trans with e8p8-lacZ, these e7-bearing reporters were able to
robustly express GFP in the WM (Figure 34 J-L) and this expression was retained in the su(Hw)
mutant genetic background (Figure 34 P-R). Thus, the transvection mediated by the
interaction between WIs was not promoter context specific, but rather enhancer context
specific, with the responding gene requiring the presence of the e7 enhancer in cis in order to
sustain WI-mediated transvection. In conclusion, whereas trans-paired Gls mediated
transvection between any enhancer-promoter pair tested, trans-paired WIs were more
selective and mediated only e8> e7 transvection, an effect that was dominantly suppressed
by the presence of Gl elements. This e8 2e7 transvection may reflect some intrinsic affinity of
these two enhancers for each other, but it still requires the presence of Gls or Wls in order to
materialize.

3.4.4. Transvection is weaker than cis enhancer-promoter activity and is
suppressed by promoter cis-preference

To gauge the relative strength of transvection compared to cis enhancer-promoter (e-
p) interaction | generated e-p pairs driving GFP expression in cis and compared them to the
same e-p pairs driven in trans. All constructs designed for this purpose were based on the
backbone of pPelican/pStinger vectors (Barolo et al. 2000) which contain two Gls to enable
Gl-mediated transvection, and subsequently inserted into the attP40 locus. These flanking Gls
also provided efficient insulation: all enhancerless promoter-reporter constructs had
undetectable levels of expression in all three larval tissues tested (wing disk, eye disk and CNS;
data not shown). In all cases we observed lower GFP levels from transvection than from the
cis-combination (Figure 35). | tested three promoters, p7, p8 and pH. Regardless of the
enhancer assayed (e7 or e8) the strongest expression levels, both in cis and in trans, were
produced by p7, whereas p8 was the weakest out of the three promoters. This suggests that
a promoter's strength for driving transcription is its intrinsic property and does not depend on
the enhancer activating it, at least for the two enhancers tested.
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Figure 35 Transcriptional activity of different enhancer-promoter (e-p) pairs interacting in cis or in trans in
the presence of Gls. Each genotype is examined for GFP expression in the third instar wing disk, eye disk and
CNS. (A-E) Samples from hemizygotes of a transgene containing a given e-p pair linked in cis show higher levels
of GFP expression than samples from heterozygotes containing same e and p, in a trans configuration (F-J). All
transgenes are inserted in attP40.
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Figure 36 The onset of transvection is delayed in embryogenesis. All embryos are imaged ventrally with
anterior to top. A cis-linked e7pH enhancer-promoter pair (top row) drives GFP expression along the ventral
midline within 3 h after egg deposition (AED). At 4-5 h AED e7pH is broadly active in the ventral ectoderm,
whereas e7 and pH separated in trans show interaction only in a small subset of these cells. From 7h AED
onwards e7 and trans-pH seem to interact in most cells where e7(cis-)pH is active. The enhancerless ph-gfp
reporter shows no background expression in embryos as a hemizygote (data not shown). All transgenes are
inserted in attP40.

| also studied the embryonic cis versus trans expression of e7 using the pH promoter
constructs. In cis, e7 displayed very dynamic expression, starting at the mesectoderm in stage
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7 (3 h after egg laying, AEL), then in a neuroectodermal cluster pattern up to stage 10 (5 h AEL)
and later in the VNC midline and the epidermis in a complex segmentally repeated pattern.
Interestingly, the earlier patterns could not be transvected or were transvected only in
sporadic cells. From stage 11 (6 h AEL) onward, this sporadic transvection gave way to a more
complete one, where the e7 trans pattern recapitulated the cis pattern (Figure 36). This
correlates nicely with what is known about somatic homologue pairing: whereas in early
embryonic stages paternal and maternal homologues start out unpaired, they gradually
increase their pairing and reach maximum levels by about stage 11 (Hiraoka et al. 1993; Fung
et al. 1998; Gemkow et al. 1998). Therefore, this observation, corroborates the need for
homologue pairing in order for transvection to take place.

To obtain a more quantitative measure of the cis versus trans activity of an enhancer,
| used a luciferase (luc) reporter (instead of GFP) and measured its activity in extracts of larval
disk-brain complexes. The Gl-flanked e7-pH-luc reporter showed 5 times higher activity in cis
than the e7 driving an enhancerless pH-luc reporter in trans (both Gl-flanked, Figure 37 A).
This trans activity was still much higher (~26x) than the basal levels of the pH-luc reporter.
Interestingly, in this assay, pH-luc basal levels were low, yet detectable, even though the GFP
counterpart had undetectable levels of GFP in the same tissues — this probably reflects the
higher sensitivity of the luc versus the GFP reporter (Arnone et al. 2004). Upon removal of the
Gls, luc reporter activity dropped to almost undetectable levels, which is consistent with
previous observations that Gls can stimulate basal transcription from some promoters (Wei
and Brennan 2001; Golovnin et al. 2005; Markstein et al. 2008; Soshnev et al. 2008).

In the above experiments | noticed that confronting an enhancerless reporter in trans
to a solitary enhancer gave more robust expression compared to all my previous experiments,
where the transvecting enhancer was linked in cis to a promoter (Figure 37, compare B1 to B2
for e8, and, B3 and B4 to B5 for e7). This came as no surprise, since numerous earlier studies
on transvection have indicated that an enhancer’s action in trans is suppressed by the
presence of a promoter in cis (Geyer et al. 1990; Martinez-Laborda et al. 1992; Hendrickson
and Sakonju 1995; Casares et al. 1997; Sipos et al. 1998; Morris et al. 1999a; b, 2004; Bateman
et al. 2012a; Kravchuk et al. 2016). Different promoters of varying core element composition
have been reported to display cis-preference (i.e. to attenuate transvection). As a general rule,
mutations compromising transcriptional strength of a cis-promoter usually release the
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Figure 37 Regulation of Gl-mediated transvection by cis-preference. (A) The chart shows levels of basal and
e7-induced (in cis and in trans) pH-driven luciferase activity. Levels of luciferase activity were measured from
third instar larval disk-brain complexes. Luciferase values normalized to total protein are shown as arbitrary
units (a.u.). The mean and standard deviation of 5 replicates is shown. The activity of luciferase transgenes (1st
column in the construct panel) is assayed on their own (as hemizygotes; horizontal line in the second column)
or in combination with a second transgene in trans. (B1-B7) Transgenes containing e8 or e7, with or without a

72



cis-linked promoter (depicted on the right), were placed in trans to pH-gfp. For each genotype (each row) the
third instar wing disk, eye disk and CNS were examined for (1) GFP expression (green), reflecting trans activity
of the enhancer-containing transgenes on pH-gfp and (2) B-galactosidase expression (red), reflecting cis activity
of the enhancer-linked promoter, when lacZ is present. All transgenes contain Gls and mini-white and are
inserted in attP40.

enhancer towards trans action (Morris et al. 1999b, 2004; Lee and Wu 2006). | made two
mutations on the p7 promoter in an attempt to compromise its strength without completely
inactivating it. p7 is a multi-element promoter, containing a TATA box, an initiator (Inr) and a
downstream promoter element (DPE) (Klambt et al. 1989; Kutach and Kadonaga 2000). |
introduced two deletions into the e7p7-lacZ construct aiming to disrupt each of these
activities; one, e7p7-ATATA-lacZ, removed the TATA box [deletion of -41 to -22 bp relative to
the transcription start site (TSS)] and another, e7p7-ADPE -lacZ, removed the Inr and DPE
elements (deletion of -16 to +67 bp relative to TSS). Both of these promoter mutations
retained weak yet detectable transcriptional activity (Figure 37, B5-B7, cis column). Even
though the reduction in cis promoter activity was comparable between ATATA and ADPE, the
two had dramatically different effects on transvection of the linked e7 enhancer (Figure 37,
B5-B7, trans column). p7-ATATA partially relieved e7 from cis-preference inhibition, leading
to much higher trans-activation of pH-gfp than that observed with p7-ADPE. These effects of
the mutant cis-p7 promoters on e7 transvection were independent of the identity of the trans
promoter, as p7 and p8 —based enhancerless reporters responded with a similar trend (Figure
38). When the various e7p7-lacZ versions were confronted with the pH-luc reporter, |
confirmed that the DPE deletion was comparable to the unmutated promoter in strongly
suppressing transvection (11-15x weaker than a promoterless e7-lacZ), whereas the TATA
deletion released e7 from cis-preference giving 6-7x stronger trans reporter expression
(compared to the unmutated e7p7 or the e7p7ADPE) (Figure 37 A). Interestingly, in this assay
the intact e7p7 (and e7p7-ADPE) produced very low trans-activation of the pH-luc reporter,
only 1.4-2x higher than its basal levels attained in the absence of a transvecting enhancer. |
speculate that this reflects the ability of the transvecting e7 enhancer to activate pH-luc in a
number of cells (as visualized by the pH-GFP reporter) but at the same time to repress the
basal pH-luc activity in the remaining cells. Unfortunately, | can only measure the resultant
luciferase activity in the whole brain-disk extract with no cell-to-cell resolution, so | cannot
test this scenario. Regardless, these luciferase constructs enabled me to obtain a quantitative
measure of transvection strength, which ranged from 5x to almost 100x lower than the cis
output of the same promoter-enhancer pair, depending on the presence of a cis-linked
promoter and in particular the integrity of its TATA box.
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Figure 38 The effects of mutations in the p7 promoter on the ability of a cis-linked e7 to transvect are

independent of the identity of the trans promoter. The e7p7-lacZ (A and E) and its derivatives harboring
deletions of p7 (B and F), ATATA (C and G) and ADPE (D and H) are placed in trans to p7-gfp (A - D) or p8-gpf
enhancerless reporters (E - H). For each genotype (each row) the third instar wing disk, eye disk and CNS are
examined for (1) GFP, reflecting trans activity of e7 on pH-gfp (green) and (2) B-galactosidase, reflecting cis

activity the e7-linked promoter (red). Although, p7, p8 and pH are promoters of different strength, their activity
seems to be affected similarly by different mutations in e7-linked p7 (compare to the results obtained for pH,

Figure 5, D-G). All transgenes contain Gls and mini-white and are inserted in attP40.

3.4.5. Relative position, number and orientation of Gls determine transvection

effects

In all the previous experiments, all my Gl-based transgenes contained two Gls each in

forward orientation (GIsfR) as in the pPelican and pStinger series vectors: the ‘5’ GIFO® at the
5’ end of each construct (following only the ¢C31 attB integration site), and the ‘3’ GIFOF, 3’
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to the lacZ or gfp reporters (preceding the 3xP3 or mini-white marker genes, Figure 39). Gl is
367 bp long and its "forward" orientation is the same as the one found in the original gypsy
transposon, where Gl is located shortly downstream of the 5' LTR (Spana et al. 1988, Figure
40). The two transgenes (e7p7-lacZ and pH-gfp) in this starting configuration of Gls (hereafter
referred to as the ‘dual-GIs"°* configuration), when presented to each other in trans, result
in expression of GFP in two distinct patterns: e7-specific in all tested tissues (wing disk, eye
disk and CNS) and 3xP3-specific in the CNS (Figure 32 and Figure 39). Thus, the pH located in
between the two GIsfOR receives input from two enhancers in trans: e7 — located downstream
of the 5’ GIOR and 3xP3 located downstream of the 3’ GIFOR, | have introduced a series of
modifications in the configuration of the Gls within these two constructs in order to
understand how their relative number, position and orientation influence transvection. All
resultant constructs for this analysis were introduced into the attP40 locus.
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Figure 39 pH receives input from two enhancers in trans, e7 and 3xP3. Confocal z-projection of a third instar
CNS from a heterozygote between e7p7-lacZ-3xP3 and pH-gfp dual-GlIs™R transgenes in attP40. Top left panel
shows trans-activated pH-gfp expression; note e7-specific GFP expression in the VNC midline, corresponding to
the cis-activity of e7 (driving expression of LacZ, in red, top right panel), and the 'dotty' 3xP3-specific expression
in central brain and VNC corresponding to glial cells with active 3xP3 enhancer (expressing DsRed, in blue, in
cis, bottom left panel). Merged image is shown in the bottom right panel.
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Figure 40 Genomic maps of insulators. Insulators are shown as triangles in the orientation used in the various
construct schematics. The position of each insulator is marked in the genome using the genome browser of
Flybase (Thurmond et al. 2019). Below each genomic map are shown six chromatin-IP tracks for insulator
binding proteins derived from modENCODE (Celniker et al. 2009) and a peak-calling track for putative insulators
(Negre et al. 2010), as well as the exact sequence coordinates of the fragment cloned in our constructs.
Genomic maps and Ch-IP tracks are not possible for Gl, since it comes from a repetitive element; instead the
sequence coordinates come from the gypsy retrotransposon sequence in Spana et al. 1988 and Kim et al. 1994.

First, | examined how differently positioned and oriented Gls influence expression in
cis of the e7p7-driven LacZ and 3xP3-driven dsRed in larval brains using whole series of the
obtained e7p7-lacZ-3xP3 transgenes (Figure 41). Presence of GIF°R upstream and adjacent to
any of these e-p pairs resulted in elevated levels of expression driven by the 3'-linked e-p pair
(note elevated levels of DsRed, blue, in Figure 41 A2 as compared to Al; and elevated levels
of Lacz, red, in A3 as compared to Al). The 5' GIFOR stimulated also the expression of DsRed at
a distance, but weaker than the 3xP3-adjacent (3') GIF°R (compare Figure 41 A3 to Al and A2).
Consequently, dual-GIsfOR e7p7-lacZ-3xP3 expressed, both, LacZ and DsRed at higher levels
(Figure 41 A4). Interestingly, in both cases where Gl is not present between e7p7-lacZ and
3xP3-dsRed modules, LacZ is detected in 3xP3-specific glial cells, revealing that 3xP3 enhancer
interacts with p7 promoter if not separated by a Gl (Figure 41 Al and A3). Accordingly,
interposing a Gl abolishes interaction between them (Figure 41 A2 and A4). The absolute
orientation of a standalone (5' or 3') Gl and the relative orientation of the 5' and 3' Gls are
irrelevant for the Gl's impact on gene expression in cis (Figure 41 B1-B8). What matters is the
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position of a Gl relative to orientation of a promoter (or direction of transcription), or,
proximity to an enhancer. Whenever Gl is positioned at the 5' (back) side of a promoter (or,
what is the same case, adjacent to an enhancer) transcription of a gene is stimulated. A
convincing demonstration of this rule is observed with a transgene producing elevated levels
of both, LacZ and DsRed, from two e-p modules which "share" one Gl at their 5' sides and

.>._I_.-4 3XP3/
4J_‘ 73?(')3/ .nq.Ll—.-D hpg\
> 2 p7 [ 72>
B3 B7
o7 lEB<] 57> e erllim<z>
B4 B8

A | %G > E B

Figure 41 Gls stimulate expression in cis independently of their orientation. Confocal z-projections of third
instar CNSs showing merge of LacZ (red) and DsRed (blue) channels. Panel A shows CNSs from animals bearing
e7p7-lacZ-3xP3 transgenes Gl-less (A1) or containing Gl/s"°R (A2-A4) with enlarged regions of the central brain
and the VNC indicated by white rectangles. Panel B shows CNSs from animals bearing whole set of constructs
with all combinations of Gl/s orientation (FOR/REV) and position (5' or/and 3') (B1-B8) and a construct which
was made by inverting e7p7-lacZ module in B3 construct.

which are transcribed outwardly (Figure 41 B9).
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Deletion of the 3’ GIO® in the transvection-receiving construct, pH-gfp, while
preserving the dual-GIsf” configuration in the ‘sending’ e7p7-lacZ construct, caused a
reduction in transvection of e7, with concomitant increase of 3xP3 transvection (compare
Figure 42 A to B). When the 3’ GIF°® was deleted in the ‘sending’ construct, and the ‘receiving’
construct was kept in its initial dual Gls configuration, the transvection of e7 seemed
unaffected, while transvection of 3xP3 was nearly lost (compare Figure 42 C to A). Finally,
deletion of the 3’ GIs"OR in both constructs led to augmented GFP expression with an e7
pattern and an almost undetectable 3xP3 pattern (compare Figure 42 D to A). These data
demonstrate that a robust trans-activation of the pH promoter by the e7 enhancer is mediated

via an interaction between the 5’ GIs™R

of the two transgenes. This interaction seems to be
weakened by the presence of a 3’ GIFOR in either or both of the interacting transgenes.

However, the 3’ GIFPR in the sending construct is required for effective transvection of the
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3xP3, suggesting that the 3xP3 enhancer, like e7, needs an adjacent Gl in order to robustly act

in trans.
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Figure 42 The relative position, number and orientation of Gls determine transvection effects. (A-P) Confocal
z-projection of GFP expression in third instar larval wing disk (top left panel for each genotype), eye disk (top
right) and CNS (bottom left). Bottom right shows the merged e7p7-driven LacZ (red) and 3xP3-pH-driven,
DsRed expression (blue) in the same CNS as the bottom left panel; for patterns of e7p7-lacZ expression in disks,
see previous figures (Figures 2, 3, 4, 6); 3xP3-pH-dsRed shows no expression in third instar imaginal disks. Each
genotype contains a pH-gfp transgene with mini-white in trans to an e7p7-lacZ transgene with 3xP3-dsRed and
various arrangements of Gls (black triangles), as indicated. Note that D, E and | represent different samples
obtained from the same genotype. All transgenes are inserted in attP40.

Consistently, when the dual-enhancer construct (eZp7-lacZ-3xP3-dsRed) contained a
single GIFOR, only its downstream enhancer was transvected to a GIF°"—preceded pH-gfp: e7
(with weak sporadic activity of 3xP3) (Figure 42 D, E, 1) or 3xP3 (Figure 42 G). Moreover, the
presence of the GIFR upstream of the pH promoter was essential for its activation by a trans-
enhancer, as its deletion abolished transvection altogether, even when another GIF°? was
present at the 3' position (Figure 42 F and H). It therefore seems that the trans-activity of both
enhancers (e7 and 3xP3) obtained from the dual-GIsf°R e7p7-lacZ transgene (Figure 42 A and
B) resulted from the interaction between the 5’ GIFOR preceding pH with the two GIs™R of

e7p7-lacZ in trans, each upstream of each enhancer.
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| next addressed the significance of the orientation of Gls in mediating transvection.
Surprisingly, the presence of a reversed Gl in the 5’ position (5’ GIf®) in either of the two
transgenes strongly reduced transvection effects, even when both transgenes contained 5’
GIR®Y (Figure 42 J-L compared to 1). Therefore, trans interaction between enhancers and
promoters is favored when both are located on the 3’ side of GI. Weak transvection, on the
other hand, can be sustained regardless of 5' Gl orientation. In fact, even incongruent
combinations of 5' Gls (one FOR and the other REV, Figure 42 J, K) displayed weak
transvection, suggesting that it is not so much the congruence of the trans-insulator pair, but
rather the absolute orientation of both Gls that is needed for robust transvection.

The fact that the preferred position of the trans-interacting enhancer-promoter is on
the 3’ side of the two Gls made me consider the possibility that placing the 5" and 3’ Gls in a
convergent orientation (i.e., 5° GIF°?/ 3’ GIfEY) in both constructs might strengthen trans-
interaction. However, this was not the case, as such transgenes produced equal levels of
transvection to those with 5’ and 3’ Gls in the forward orientation (Figure 42 M compared to
A) and less than the combination where 3' Gls are absent altogether (Figure 42 D). These
results suggest that the interaction between 5’ GIFR-preceded enhancer and trans-promoter
is weakened by the presence of a second (3’) Gl in cis, irrespective of its orientation. Moreover,
transgenes with a divergent configuration of Gls (5’ GIREY/ 3’ GIFOR) did not improve the weak
transvection observed between transgenes with a single 5’ GIR® (compare Figure 42 P to L),
nor were incongruent 5' Gl configurations improved by a 3' Gl (Figure 42 N, O) (note, however,
that 3xP3 was efficiently transvected to pH in Figure 42 O as both 3xP3 and pH are preceded
by GIFOR).

without gypsy insulators with gypsy insulators

pHGHBI o[> X e Tl Do 1> X D7/l

Figure 43 No transvection is observed in the absence of Gls at five different loci. The ability to interact in
trans was tested between e7p7-lacZ and pH-gfp transgenes inserted in five genomic loci (attP40, VK2, VK13,
VK37, VK40) in two configurations of these transgenes: carrying no Gls (A-E) and containing one 5' Gl each (A'-
E'). For each genotype three tissues are shown: wing disk, eye disk and CNS (left to right). Green is pH-driven
GFP. Red is e7p7-driven LacZ. Blue is 3xP3-driven DsRed (CNS only). Note the activity of neighboring (trapped)
enhancers in all loci except VK40, which is also seen in the hemizygous condition for these transgenes (not
shown): (1) tracheal expression in the wing disk of the uninsulated pH-gfp in attP40 and VK2 and of the GI-
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insulated pH-gfp in VK37 (A, B and D'), (2) ubiquitous activity in VNC and central brain of the uninsulated pH-
gfp in VK2 and VK13 (B and C), (3) wing pouch activity of the uninsulated p7-lacZ in VK2 (B), (4) ubiquitous wing
disk activity of uninsulated and Gl-insulated p7-lacZ, and Gl-insulated pH in VK13 (C and C'). Note GFP
expression in notum AMPs, eye, antenna, optic lobes and VNC midline in A'-E'. All this e7-driven GFP expression
is absent in A-E.

Is the ability of a single 5' GIF°R to support transvection a peculiarity of the attp40 locus
or can it happen in more genomic loci? | tested constructs with a single 5' GIF°R in four more
attP loci and we got robust transvection in all cases (Figure 43). Importantly, removing the 5'
GIsfOR from the transgenes abolished transvection in all loci, reconfirming the need for paired
homotypic insulators in both homologues. As a corollary, | conclude that, at least in the five
genomic loci we tested, nearby endogenous genomicinsulators were not capable of mediating
transvection from the Gl-less constructs, suggesting that "insulator trapping" is probably not
a common phenomenon in the Drosophila genome. On the contrary, enhancer trapping is very
common; | was able to detect some non-e7 dependent patterns of expression of my
transgenes in four out of the five loci tested (all except VK40; see Figure 43). Why nearby
insulators are unable to support transvection in the Gl-less constructs is not clear. Although
the chromatin occupancy of many insulator-binding proteins has been described, only a
fraction of these bound sites act as insulators in functional assays (Soshnev et al. 2008;
Schwartz et al. 2012; Van Bortle et al. 2014). With this caveat in mind, the putative insulator
landscape of each of the landing sites used is shown in Figure 44: the closest putative insulator
could map anywhere from 1 kb (VK40) to 25 kb (VK37) away from my Gl-less transgenic
reporters and yet no transvection is observed.
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VK40 3R:12,440,193 [-] (FlyBase, Dmel r6.26)
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Figure 44 Genomic maps of transgene insertions used in Figure 43. The inserted transgenes are shown in the
same scale as the genomic map. Note that only the Gl-containing version of the two transgenes is shown. Our
constructs are flanked by attL and attR, generated by ¢C31-integrase-mediated recombination to the different
attP landing sites. mini-yellow and the two Piggybac (3'PBac, 5'PBac) or P-element (5'P, 3'P) ends come from
the landing site. The remaining symbols are the same used in all other construct schematics in this work.
Information is given on the chromatin occupancy of six insulator binding proteins (Celniker et al. 2009) and on
the position of putative insulators (Negre et al. 2010) in the neighborhood of the insertion sites. For VK37 and
attP40, we have inverted the genomic map (sequence coordinates decreasing left to right) in order to depict
the inserts in their correct orientation.

In summary, transvection needs homotypic insulators in both homologues, but having
homotypic insulators is not sufficient. The outcome is also influenced by the position,
orientation and number of these insulators. In the context of the e7p7-lacZ-3xP3 = pH-gfp
transvection, both Gls have to be 5' of the pH promoter and directly adjacent to the
transvecting enhancer, e7 and/or 3xP3. The FOR orientation is greatly favoured for both
homologues; the REV orientation produces a much weaker effect. Finally adding another Gl in
one or both transgenes weakens the 5'GIF°® mediated transvection. It should be kept in mind,
however, that the transcriptional outcome of a trans-interacting insulator pair, is also greatly
dependent on the enhancers and promoters located in the vicinity of these Gls: when the
same e7p7-lacZ series of transgenes was tested in trans to an e8p8-m8GFP series (instead of
the pH-GFP), the e7p7->e8p8 transvection largely obeyed the above rules, but the
e8p8—>e7p7 transvection was detectable even with a single 3' G, regardless of orientation
(Figure 45). Still, the single 5' GIFOR configuration gave the strongest trans-effect even with this
transgene combination. The removal of Gl from either homologue completely abolished the
effect, as expected.
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Figure 45 Less strict Gl position and orientation requirements for interaction between e7p7 and e8p8. (Al-
E5) e8p8-GFPm8 and e7p7-lacZ transgenes bearing a single Gl are combined as shown in attP40. Each panel
consists of six sub-panels containing confocal z-projections of the WM (only LacZ channel, in red) or the AMPs
(only GFP channel, in green) from three different wing disks for each genotype. Both of these expressions result
from transvection and are abrogated when one or both homologs lack a GI (row E and column 5). Note, that
unlike e7p7-> pH transvection (Figure 7 H), e8p8->e7p7 transvection (LacZ in the WM) is also mediated by the
3'Gls (C3, €4, D3, D4). The 3' GIs also mediate weak e7p7->e8p8 transvection (GFP in AMPs), when congruently
oriented (C3, D4). Note, also, that the absolute orientation of 5' Gls is less important for e7p7->e8p8
transvection (compare GFP in A1, A2, B1, B2) than for e7p7->pH (Figure 7 1, L).
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Figure 46 In dual Gl transgenes, both 5' and 3' Gls participate in trans-interactions. Two tester transgenes,
GIFOR-e7p7-lacZ-GIFPR-e8p8-m8 (left column, A-F), and GIFR-e7p7-lacZ-GIF°R-pH-gfp (right column, A'-F', G-)
were tested as hemizygotes (A, A'), combined inter se (B) or combined with various other Gl-containing
transgenes in attP40 (C-1). Third instar wing imaginal disks are shown for each genotype in two channels (GFP in
green, LacZ in red). Any GFP expression is caused by transvection, since the hemizygotes of all GFP constructs
used express no GFP, other than a piece of trachea in A', probably due to enhancer trapping. LacZ expression in
the AMPs may come from cis or trans, but WM LacZ expression, marked by a blue dotted rectangle in E, is
triggered by the e8 enhancer in trans.
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Why was the addition of a 3' GIFOR detrimental to e7p7—> pH transvection (Figure 42
A-D, M-P)? Could it potentially engage in homotypic interactions with either the cis or the
trans 5' Gl that might compete with the ability of these 5' Gls to support transvection? To gain
insight on the activity of this 3' GIFR | agppended a "tester" module to our GIFR-e7p7-lacz-
GIFOR-3xP3-dsRed transgene. Two different modules were cloned immediately 3' of the 3'
GIFOR: (1) a ‘receiving’ pH-gfp module or (2) a ‘sending’, e8p8-m8 module (e8p8 driving an
untagged E(sp/)m8 CDS). Figure 46 presents the results obtained in wing disks. The tester
modules did not influence e7p7-lacZ expression: both transgenes, on their own, expressed
LacZ in the AMPs, as expected (Figure 46 A/A’); an e8-specific wing margin LacZ pattern was
not detected, consistent with insulation of e7p7-lacZ from e8 (Figure 46 A); similarly, the
transgene containing the insulated enhancerless pH-gfp module showed no GFP expression
(Figure 46 A’), suggesting that the 3' Gl in this construct insulates e7p7 from pH, instead of
enabling their interaction. It therefore seems that the two GIsfR in these tester constructs do
not productively interact in cis (see also Cai and Shen 2001; Kyrchanova et al. 2008a). When
tested against each other, | observed a robust activity of the pH-gfp module in the WM,
indicative of a trans interaction between the two 3’ GIsOR resulting in e8p8-m8->pH-gfp
transvection (Figure 46 B). Therefore, 3' Gls prefer to homotypically interact in trans. The
presence of only few GFP positive AMPs and no apparent WM LacZ expression in this
combination (Figure 46 B) demonstrate that the "diagonal" interactions between GIs R (i.e.,
5’ GIsFOR -3’ GIFOR) gre less favored than the "vertical" ones (5'-5' and 3'-3').

Placing the 5’ GIFPR pH-gfp transgene in trans to the testers gave strong transvection
of e8 (via the 3' GIFPR; Figure 46 C) but only weak or no transvection of e7 (via the 5' GIFOR;
Figure 46 C, C'). Interestingly, e7>pH transvection with both testers was augmented when a
3' GI"OR was added to the responding pH-GFP transgene, as evidenced by broadly expressed
GFP in the AMPs (Figure 46 D, D’). Therefore, when confronted with dual GIs R, a single GIFOR
preferentially interacts with the trans 3' GIFOR, but this shifts to the 5' GIFf when a second
GIFPR js added resulting in a dual/dual configuration. This conclusion was supported by
confronting the tester transgenes with a single vs dual GIFOR configured e7p7-lacZ reporter.
Only the single 5' GIF°R was able to interact in trans with the two tester modules, as evidenced
by e8p8-m8—>e7p7-lacZ and e7p7-lacZ-> pH-gfp transvection (Figure 46 E, E'), whereas both
of these transvection effects were lost in the dual/dual configuration (Figure 46 F, F').
Surprisingly, the e7p7-lacZ-> pH-gfp transvection was regained when the p7 promoter was
compromised or (better) deleted in the dually GIF°R flanked e7p7-lacZ transgene (Figure 46 G-
1). I therefore conclude that Gls sample different homotypic interactions in trans, both vertical
and diagonal. The latter are disfavored, but can still occur and their ability to support
transvection is influenced by the enhancer-promoter interactions in their vicinity, in
agreement with recent live imaging data that show that insulator-insulator interactions (both
cis and trans) are stabilized when accompanied by productive enhancer-promoter interactions
(Lim et al. 2018; Chen et al. 2018). For example, the e7p7-pH interaction is not sufficient to
sustain diagonal transvection (Figure 46 F'), unless relieved from cis promoter preference
(Figure 46 H, 1). As another example, a similar diagonal GI-Gl interaction can sustain
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transvection of e8 (from the e8p8-m8 tester) to pH-gfp (Figure 46 D), but not to e7p7-lacZ
(Figure 46 F). Such alternative trans-interactions in dual-Gl combinations probably compete
with the more favorable 5'Gl - 5'Gl interactions and could underlie the suppression of
transvection produced by the addition of 3' GIs in Figure 42 A-D.
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Figure 47 The 3xP3 enhancer has a stronger affinity for pH than for two other promoters. (A-C) Confocal z-
projections of third instar CNSs showing GFP channel alone (green) and merged channels of GFP (green), LacZ
(red) and DsRed (blue). (A'-C') Enlarged regions of the central brains indicated by white rectangles in A-C. Out
of the three enhancerless dual-GIFR gfp transgenes, each carrying a different promoter (A - pH, B- p7, C - p8),
only the pH-driven reporter shows robust interaction with 3xP3 in the dual-GIsf°R e7p7-lacZ-3xP3 transgene in
attP40, giving a dotty glial GFP pattern (A, A'). Notice weaker and sporadic GFP expression from trans-3xP3 by
p7 (B, B’), even though p7 is a stronger promoter than pH. In contrast, the "vertical" interaction of e7 with the
trans promoter (GFP in VNC midline and optic lobes) is stronger with p7 (B) than with p8 or pH (A, C).

Finally, | note that the 3xP3—>pH transvection in Figure 42 A is also mediated by a 5' —
3' (diagonal, less favored) GIFOR interaction. | tested the same configuration of enhancers and

FOR p-gfp construct. Only

insulators and changed only the responding promoter on the dual Gls
pH was able to strongly respond to 3xP3, whereas two other promoters, p7 and p8, showed
no or very weak response (Figure 47). Therefore, when alternative GI-GI interactions are
possible, they can be biased positively or negatively by the affinity that their nearby

enhancer/promoter elements have for each other.

3.4.6. Other insulators also mediate transvection

To determine whether other Drosophila insulators also mediate transvection, |
generated two series of constructs based on the pLacZattB vector (Bischof et al. 2007):
'sender' constructs containing an insulator cloned in between the e7 and e8 enhancers, and
'responder' constructs containing an insulator between divergently oriented pH-lacZ and pD-
gfp, a reporter driven by the Drosophila Synthetic Core Promoter (DSCP, abbreviated as pD)

88



(Pfeiffer et al. 2008). Besides the 367 bp Gl, | tested two new insulators: (1) the 540 bp Fab8
insulator isolated from the Abdominal-B region of the bithorax complex (Figure 40); Fab8
insulator activity depends on dCTCF, the ortholog of the vertebrate CTCF protein (Barges et al.
2000; Moon et al. 2005; Kyrchanova et al. 2008a, 2016), and (2) the 454 bp 1A2 insulator
located downstream of the yellow gene (Figure 40), containing two Su(Hw) binding sites
(Golovnin et al. 2003; Parnell et al. 2003). Fab8 and 1A2 exemplify two major classes of
endogenous insulators [centered around binding of dCTCF and Su(Hw), respectively] which
are abundantly represented in the Drosophila genome (Parnell et al. 2006; Adryan et al. 2007;
Negre et al. 2010; Schwartz et al. 2012; Baxley et al. 2017). In addition, the resultant constructs
contain WI carried in the mini-white marker gene. All transgenes were inserted into the attP40
locus and we present the results from wing disks, which are consistent with the results
obtained from the CNS and eye-antennal disks (not shown).

The responder transgene without an insulator between pH and pD promoters ("blank"
responder), on its own, showed trachea-specific activity of both promoters (both LacZ and
GFP, Figure 48 A1), similar to the expression of the uninsulated pH-gfp reporter at the attP40
locus (Figure 32 E). Inserting Gl between the two promoters insulated pD-gfp from the
tracheal enhancer and resulted in the trapping of (an)other enhancer(s) at the pD promoter,
ubiquitously active in all cells of the disk's epithelium (weak ubiquitous GFP expression in
Figure 48 A2). This latter, ubiquitous, activity was abolished by a deletion of the WI from the
mini-white (Figure 48 A3) indicating cooperation between Gl and WI in mediating the cis
activity of this enhancer onto pD. The Fab8 responder, similarly to the Gl responder (Figure
48 A2), also trapped the epithelial enhancer via the pD promoter (Figure 48 A4), while the 1A2
responder did not show any activity from any of the promoters (Figure 48 A5).
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Figure 48 1A2 and Fab8 insulators also mediate transvection. All panels show merged GFP (green) and LacZ
(red) channels of confocal z-projections from third instar wing disks. (A1-A5) Wing disks from animals
hemizygous for responder transgenes; insulators are shown as triangles. (B1-G5) Wing disks from
heterozygotes for sender transgenes (as indicated in each column) with responder transgenes (as indicated in
each row). All transgenes are inserted in attP40. A1-G5 were imaged at the same intensity settings. A1', B1', E5'
and G3' are higher-sensitivity images of the respective panels, to reveal very low levels of transvection. Note
that the responder construct in row 3, as well as the sender constructs in columns C and E, are deleted for WI
(red triangle).

Heterozygotes between the "blank" sender and "blank" responder transgenes
produced extremely faint but visible expression of GFP in the WM, indicative of a WI-mediated
trans interaction between e8 and pD (Figure 48 B1, B1'). This interaction was augmented in
the Gl responder (WM in Figure 48 B2). This enhancement of WI-WI mediated transvection
by GI, was confirmed by deleting one WI, which abolished GFP expression in the WM (Figure
48 B3). This is in contrast to my previous result where GI-WI interaction in cis had an inhibitory
effect on the WI-mediated transvection (Figure 30), suggesting that the transcriptional
outcome of GI-WI cis interaction is context-dependent. Fab8 also showed a detectable, albeit
weaker, enhancement of e8> pD transvection at the WM, whereas 1A2 had no detectable
effect (Figure 48 B4, B5). Consistent with the conclusion that this transvection was mediated
by homotypic WI/WI, when | deleted WI from the sender transgene, no transvection was
observed at the WM in combination with any of the responders (Figure 48 C1-C5). WI-
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mediated transvection was also weakly enhanced by adding a heterologous insulator in the
sender homologue (Figure 48 D1-G1) and testing against the "blank" responder. Again, only
e8 was transvected, although this time both pH and pD responded, consistent with the fact
that no insulator lies between the two. In this case 1A2 was able to enhance transvection
comparably to Gl and Fab8 (Figure 48 G1, compare to D1 and F1). Removal of WI from the Gl
sender abolished transvection (Figure 48 E1).

Unlike the weak WI-mediated transvection effects discussed so far with the "blank"
senders (Figure 48, column B) or responders (Figure 48, row 1), | got very strong transvection
of both e7 and e8, when | combined homotypic insulators in sender and responder, i.e., GI/Gl,
Fab8/Fab8 or 1A2/1A2 (Figure 48 D2, D3, E2, E3, F4, G5). In all cases e7 transactivated the pH-
lacZ reporter (in the AMPs) and e8 transactivated pD-gfp (in the WM), consistent with
orientation-dependent function of all three insulators. Gl produced the strongest effect and
1A2 the weakest. When the WI was deleted from either the sender or the responder Gl
construct, no difference in transvection efficiency was seen (Figure 48 D2, E2, D3, E3) thus
confirming, in a different context, our earlier conclusion that Wls do not affect GI-mediated
transvection.

Moderately strong WM GFP expression (e82>pD transvection,) was also seen in
apparently heterotypic insulator combinations, specifically Fab8 or 1A2 senders with a Gl
responder (Figure 48 F2, G2) and the reciprocal, i.e., a Gl sender with Fab8 or 1A2 responders
(Figure 48 D4, D5). Upon deleting the WI from either the Gl sender or responder, however, all
of these effects were abolished (Figure 48 F3, G3, E4, E5), consistent with being mediated via
WI/WI and enhanced by the presence of the heterologous insulators, similar to the effects
noted earlier with "blank" sender/ responder constructs. On the other hand, the AMP lacZ and
WM GFP expression seen in both 1A2/GI combinations (Figure 48 G2 and D5) was maintained,
albeit much more weakly, upon WI deletion (Figure 48 G3/G3' and E5/E5'), suggesting that
this results from a trans heterotypic interaction between Gl and 1A2, which is not surprising,
since both are Su(Hw)-binding insulators.
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Figure 49 Relative orientation of Gls in trans impacts strength of transvection but not enhancer choice. All
panels show merged GFP (green) channels of confocal z-projections from third instar wing disks, eye disks and
CNSs for each genotype. Tissues were extracted from heterozygotes for blank and Gl sender transgenes
(indicated in each column) with 5' GI (FOR and REV) and Gl-less pH-gfp transgenes (indicated in each row).

Finally, | asked whether the relative orientation of Gls in trans can determine which
enhancer (from two located on both sides of a Gl) will be transvected. For this purpose | used
a Gl-sender having e7 on the 3' end and e8 on the 5' end of a standalone GIf® in combination
with two pH-gfp transgenes having FOR or REV oriented 5' Gl (Figure 49 A2, B2). If Gls interact
in congruent fashion (head-to-head), one could expect that the pH-gfp will be activated by the
enhancer that is on the same side of a Gl as the pH promoter is. However, it is not the case. In
both cases | observed robust expression of the e8 enhancer, irrespectively of the relative
orientation of the interacting Gls but weaker when the two Gls were incongruent (Figure 49,
compare B2 to A2). Very weak GFP expression in the VNC midline in the incongruent Gl
combination show (Figure 49 A2) that congruent Gl interaction, although much weaker, also
takes place in this heterozygote. Therefore, the relative orientation of Gls affects strength of
transvection but not enhancer choice. This interaction necessitates Gls on both homologs (see
Figure 49 A1, B1, C1-C3) and is not affected by WIs (Figure 49, compare A2 to A3 and B2 to
B3; note, however, that also in here, WI of the sender transgene augments the e8-pH
interaction in WM of the wing disk).
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In conclusion, | provide evidence that insulator landscape can affect enhancer-
promoter communication both in cis (enhancer trapping) and in trans. All homotypic insulator
combinations tested support transvection. The presence of additional heterotypic insulators
in one or both homologues can augment (or in other contexts suppress) this effect. | finally
provide evidence that heterotypic insulators can weakly promote transvection if they belong
to the same class.

3.5. Discussion

Transvection is the ability of an enhancer to activate transcription from an unlinked
promoter located at the same locus of the homologous chromosome. Using a collection of
enhancers and promoters driving GFP and LacZ reporters and targeted to specific genomic
loci, | was able to study transvection and characterize parameters influencing its outcome
(summarized in Figure 50).
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Figure 50 Parameters of transvection. A schematic summary of the parameters determining the ability of
enhancers (ovals) to communicate with promoters (bent arrows) in trans. The top and bottom schematics in
each panel depict elements present in the two paired homologs. Triangles represent gypsy insulators. A graded
series of examples is shown with transvection ranging from high (A) to undetectable (D). For more details see
Discussion.

The salient features of this phenomenon borne out by our results are the following: (1)
| confirmed that homologue pairing is a prerequisite for transvection, as already known from
classical studies. In Drosophila, homologue pairing in non-meiotic cells is widespread, but
seems to evolve gradually during the first half of embryogenesis (Hiraoka et al. 1993; Fung et
al. 1998; Gemkow et al. 1998) — | showed that transvection unfolds in a similarly gradual
manner, being stochastic and erratic during the early stages of embryogenesis, while
recapitulating precisely the cis-activity of the enhancer at later embryonic and larval stages,
once homologue pairing has been completed. (2) Insulators are needed for transvection. At
least four different insulators, Gl, WI, Fab8 and 1A2, are capable of mediating transvection. |
focussed on Gl and WI, which are commonly found in transgenesis vectors. (3) Gl-mediated
transvection is strong, resulting in about 20% of the expression level the same enhancer-
promoter combination would give in a cis configuration, and can work with all enhancer-
promoter combinations tested. In contrast, WI-mediated transvection is weak and is only
detectable if the responding promoter is accompanied by another enhancer (Figure 34) or
another insulator (Figure 48 B2). (4) While necessary, the presence of Gls in both homologues
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is not sufficient for transvection. (4a) The most important parameters in determining the
transvection outcome are the number and position of Gls in both homologues — the strongest
effects are seen when a single Gl is present in each homologue, one immediately upstream of
the responding promoter and another adjacent to the interacting enhancer. Additional Gls at
other positions of homologously inserted transgenes have a detrimental effect, probably by
competing against the 5'Gl/5'Gl enhancer-promoter enabling interaction. (4b) The presence
of a promoter in cis to the enhancer reduces its effectiveness in transvection. This cis-
preference phenomenon, which has been described before (Geyer et al. 1990; Martinez-
Laborda et al. 1992; Hendrickson and Sakonju 1995; Casares et al. 1997; Sipos et al. 1998;
Morris et al. 1999a; b, 2004; Bateman et al. 2012a; Kravchuk et al. 2016), depends on the
activity of the cis-linked promoter: | have shown that the TATA element seems to play a more
important role than the DPE in inhibiting a cis-linked enhancer from acting in trans. (4c) The
Gl is highly asymmetric with 12 Su(Hw) binding sites all in the same orientation: the Gl
orientation with respect to the enhancer-promoter interacting pair is important, although not
crucial for the transvection outcome. The 3' side of the Gl is the optimal for promoting
transvection, but the 5' side is also functional albeit less effectively. (5) Non-homotypic
insulators generally do not promote transvection, with the exception of GI/1A2, both of which
bind Su(Hw) and showed a weak interaction. (6) Non-homotypic insulators do however cis-
influence the transvection produced by homotypic insulators in a context-dependent manner.
For example Gls can enable or inhibit WI/WI-mediated transvection. However, WI seems
unable to affect GI/GI-mediated transvection.

Based on these observations, one should be careful when planning to use
heterozygous transgene combinations in the same landing site. If one wishes to minimize
transvection, one should preferably not include Gl or any other insulator in the transgenes, at
the expense of losing shielding from position effects. If shielding is desired, Gls can be used in
only one of the transgenes. If shielding of both transgenes is desired, Gls can be placed in
different orientations and as far as possible from the transgenes' enhancers and promoters.
If, on the other hand, one wishes to promote transgene transvection, one should place Gls in
the forward orientation directly upstream of the transgenes' cis-regulatory elements.

A role of insulators in transvection has been described, but the mechanism been at
best unclear (Fukaya and Levine 2017). Whereas some studies propose that insulators are
needed for transvection (Lim et al. 2018), others propose that they only have an accessory
role (Kravchenko et al. 2005; Schoborg et al. 2013), or that they affect transvection by
promoting homologue pairing (Fujioka et al. 2016). And finally, other studies ignore them
altogether (Bateman et al. 2012a; Mellert and Truman 2012; Blick et al. 2016). Instead, the
classical proposed role of insulators is to insulate, i.e. to inhibit enhancer-promoter
communication in cis, although sometimes they can enable such enhancer-promoter
communication, e.g. via their so-called "bypass" activity (Cai and Shen 2001; Muravyova et al.
2001; Kyrchanova et al. 2008b; Fujioka et al. 2013). These two apparently contradictory
activities have been reconciled by the "looping" model (reviewed in Chetverina et al. 2017
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Schwartz and Cavalli 2017), which is based on evidence that insulators mediate homotypic, or
sometimes heterotypic, interactions (Kyrchanova et al. 2008b; Li et al. 2011; Vogelmann et al.
2014; Bonchuk et al. 2015; Fujioka et al. 2016). Via these interactions, insulators can form
chromatin loops and these loops can either bring enhancers and promoters in proximity (e.g.
when both are near the loop's anchor points) or avert their proximity (e.g. when one is within
one loop and the other is outside that loop). These activities occur in cis and shape
chromosomal architecture in parallel to affecting transcriptional regulation. The same
insulator-insulator interactions can occur in trans (Kravchenko et al. 2005; Fujioka et al. 2016;
Lim et al. 2018) and this could mediate interactions of enhancers on one homologue with
promoters on the other (transvection).

One model proposes that insulators promote transvection by mediating homologue
pairing in somatic cells. This hypothesis is supported by the fact that different classes of
insulators are widely distributed in the Drosophila genome (Bartkuhn et al. 2009; Bushey et
al. 2009; Negre et al. 2010; Schwartz et al. 2012) and their congruent matching could underlie
paternal-maternal homologue alignment from end to end. Alternatively, insulators may not
mediate homologue pairing per se, rather prior homologue pairing is a prerequisite for
allowing insulators to mediate transvection. | favor the latter model: although | did not directly
assay pairing, | have encountered numerous instances where addition of extra copies of the
Gl has a detrimental effect on transvection (Figures 7 and 8). This result would be hard to
reconcile with a model where insulators promote pairing, as we would expect pairing, and
thus transvection, to locally increase as more insulators are added. Consistent with the view
that homologue pairing precedes transvection is the fact that screens designed to identify
somatic homologue pairing factors did not reveal any of the numerous insulator binding
proteins (Bateman et al. 2012b; Joyce et al. 2012). Moreover, a recent study imaged two
homologously inserted transgenes in live embryos and found the same frequency of
colocalization (pairing) whether an insulator was included or not (Lim et al. 2018) — yet
transvection between these genes required an insulator on both homologues, in agreement
with my results. Another recent study mapped DNA elements mediating pairing and
transvection from the ss locus: the two activities were found to map on two different
fragments (Viets et al. 2018).

If insulators do not mediate homolog pairing, their role could be to enable the
productive interaction of enhancers with certain promoters. Several of my observations
support such a more active role: (1) In order to promote trans-interaction between e8 and
either pH or p7, the WI requires the presence of another enhancer (e7) nearby. (2)
Transvection supported by single 5' Gls is orientation-dependent: the FOR orientation is much
more effective than the REV orientation (Figure 42); if insulator-insulator interactions were
the only parameter influencing transvection, having congruently disposed insulators in both
homologues would most likely produce an identical result, whether the configuration were
FOR/FOR or REV/REV. (3) When two Gls are present in each homologue, they exhibit a strong
bias for "vertical" trans GI/Gl interactions (Figure 46). The fact that this bias can be alleviated
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by promoter mutations is consistent with more direct insulator-promoter communication. (4)
A forward Gl exhibits a strong promoter preference: it transvects the 3xP3 enhancer only to
pH and not to p7 or p8in a certain transgene combination (Figure 47).

Recent data agree with such a more direct role of insulators in enhancer-promoter
communication. A genome-wide chromatin occupancy analysis for more than 15 insulator
binding proteins showed that a large proportion of their binding sites is near a promoter or an
enhancer (Cubenas-Potts et al. 2016). Direct contacts between insulators and nearby
enhancers and promoters has been detected in transgenes via 3C (Kyrchanova et al. 2013).
Live imaging of two loci separated (in cis) by >100kb has shown that homotypic insulators
promote proximity between these loci, but they do it much more effectively in the presence
of a promoter in the one locus that gets activated by enhancers on the other (Chen et al.
2018). Finally, studies replacing specific insulator elements in the Bithorax Complex with other
insulators, strongly support the ability of the resident insulators, like Fab-7 and Fab-8, to
interact with neighboring enhancers (the iab-6 and iab-7 elements) to bring them in the
proximity of the AbdB promoter (Kyrchanova et al. 2016; Postika et al. 2018). How insulators
select which enhancers to pair with which promoters is an important question that still
remains to be elucidated.

Why has the necessity for insulators been overlooked in some of the studies on
transvection? Most probably because the fly genome and common transgenesis cloning
vectors are rich in insulators. For example, in one study (Mellert and Truman 2012) all
transgenes used contained mini-white and its associated WI, which we have shown is capable
of selectively mediating enhancer action in trans; consistently transvection was observed only
with a subset of enhancers in that study. Two other studies (Bateman et al. 2012a; Blick et al.
2016) used recombinase-mediated cassette exchange which allows for transgene integration
without vector sequences, making these instances of transvection harder to reconcile with
the need for an insulator. One possible hypothesis would be that the inserted transgenes
trapped nearby insulators. My Gl-less transgenes were never able to trap nearby insulators,
but | used five landing sites (attP40, VK2, VK13, VK37, VK40) distinct from those used in the
above two studies (JB53F and JB37B), so my results cannot be compared. Given the strong
dependence of transvection on insulator position, orientation and the nature of the
interacting enhancers and promoters, it is likely that all of these factors will also influence
insulator trapping. The large diversity of insulators in Drosophila (currently more than 15
binding factors identified; Maksimenko et al. 2015; Chetverina et al. 2017) is suggestive of a
potentially high degree of selectivity in their interactions both with each other and with
enhancer and promoter elements in their vicinity. Further work is needed to characterize
these interactions and their importance in transcriptional regulation.

The association between insulators and transcriptional cis-regulatory elements
(enhancers and promoters) is not a peculiarity of Drosophila; it has been reported also for
vertebrates (Guo et al. 2015; reviewed in Hnisz et al. 2016). On the other hand, Drosophila
(dipterans in general) seem to be unique in establishing somatic homologue pairing early in
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development and maintaining it throughout life (Abed et al. 2018; Erceg et al. 2018).
Transvection could be an epiphenomenon of these two biological processes: insulator
interactions with enhancers/promoters and homologue pairing. This would explain why it is
more often encountered in Drosophila, but is only sporadic in mammals (Apte and Meller
2012; Stratigi et al. 2015). Does transvection also serve a role in regulating transcriptional
output and accordingly could it be positively selected in dipteran evolution? Some studies
have suggested that it increases transcription from the two alleles, or that it coordinates their
transcriptional on/off decisions (Goldsborough and Kornberg 1996; Johnston et al. 2014). How
widespread this effect is across the genome and whether it contributes to organism
adaptation to fluctuations in environmental conditions or response to stressful stimuli is not
known. At the least, transvection would ensure robustness of gene expression levels in the
face of genetic variation, specifically heterozygosity for mutations in promoters or enhancers.
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4. Materials and Methods

4.1. Plasmid constructs

Here | present the general strategy used for plasmid construction. Detailed information regarding each construct
and maps | deposited in the laboratory as Vector NTI files and database in MS Excel. Table 1 is the list of all
constructs used in this study together with their general characteristics, provides numeric (N2) identification for
each construct and associates them with the Figures in the Results section. Table 2 provides information of the
primers used in plasmid construction. All critical features in all the constructs used in this study were verified by
sequencing.

To obtain my constructs | have used four different backbones of publicly available plasmids: egfp-containing
pStinger and lacZ-containing pPelican (Barolo et al. 2004), pBluescript (SK(+), Stratagene) and pLacZ-attB (Bischof
et al. 2007). pStinger, pPelican and pBluescript were modified by cloning attB sequence from pTA-attB plasmid
(Groth et al. 2004) in the same orientation in each plasmid, immediately upstream to the multi-cloning site (MCS;
in case of pStinger and pPelican it is upstream of the 5’ Gl, see A and B in Table 1). pBluescript was additionally
modified by cloning the e7p7-lacZ sequence downstream of attB (in the MCS) and 3xP3 upstream of attB (shown
in Table 1 C). The latter construct was used as a base to generate all 3xP3-containing plasmids.

The 7 kb genomic fragment encompassing E(spl)m7 and E(spl)m8, together with their upstream (enhancers and
promoters) and downstream (3’ UTRs) regulatory regions, was cloned with Xhol and Clal restriction enzymes
from the R3012 cosmid clone encompassing part of E(spl) locus (Delidakis and Artavanis-Tsakonas 1992b) into
pPelican-attB. Due to strong post-transcriptional repression of both of these genes (Lai et al. 2005) | have
replaced E(spl)m7 and E(spl)m8 3’ UTRs with the SV40 (derived from pGL3 vector, Promega) and the Adh (derived
from the Ract-HAdh vector, Swevers et al. 1996) poly A terminators, respectively. Subsequently, unique
restriction sites were introduced before the start codons of both genes by mutagenesis to allow cloning of EGFP
(derived from pCRE-d2EGFP vector, Clonetech) into the ORF of E(sp/)m7 in one construct (GFPm7-m8, contruct
Ne 1 in Table 1) and of E(sp/])m8 in another (m7-GFPm8, construct Ne 2).

The 'short genomic' constructs (GFPm7 and GFPm8) were generated by the excision of the regulatory and coding
portions of the untagged genes from the 'long genomic' constructs, i.e., GFPm7 (construct Ne 3) was generated
from GFPm7-m8 by a deletion of the downstream sequences to the m7's (SV40) 3' UTR, and GFPm8 (construct
Ne 4) was generated from m7-GFPm8 by a deletion of the m7's 3' UTR and its upstream sequences. The resulting
constructs contained 2.1 kb sequence upstream of the start codon of GFPm7 (which we denote as e7p7) and 1.3
kb sequence upstream of the start codon of GFPmS8 (e8p8).

The Gl-less e8p8-GFPm8 construct (Ne 5) was generated by cloning of the e8p8-GFPm8 module (together with
its Adh 3’ UTR) from GFPm8 into pPelican-attB bearing deletion of both GlIs and LacZ. This construct was
subsequently used to generate four single-Gl versions of e8p8-GFPm8 by cloning the 5’ Gl from pPelican into 5’
(upstream of e8p8) or 3’ (downstream of Adh 3’ UTR) positions in forward or reverse orientation (constructs Ne
6-9).

The e8p8-lacZ pPelican-based construct (Ne 10) was made by cloning PCR-amplified e8p8 (primers e8p8F and
e8p8R) into the MCS of pPelican-attB.

The e7p7-lacZ pPelican-based construct (Ne 11) was made by cloning PCR-amplified e7p7 (primers e7p7F and
e7p7R) into the MCS of pPelican. The pBluescript Gl-less version of e7p7-lacZ (Ne 12, see also C in Table 1) was
made by (1) cloning the entire e7p7-lacZ sequence of pPelican-based e7p7-lacZ (together with its SV40 3’ UTR)
into pBluescriptSK(+) in between Kpnl and Spel restriction sites; (2) and subsequent cloning of the DNA fragment
containing 3xP3-dsRed and attB seqences from pMinos{3xP3-dsRed} vector (Berghammer et al. 1999; this vector
was beforehand modified by us by inserting attB sequence in the vicinity of 3xP3-dsRed) into Kpnl site of the
pBluescript such that attB site is in between the 3xP3-dsRed and e7p7. The pBluescript Gl-less version of the
e7p7-lacZ construct with mini-white marker (Ne 13) was made by the replacement of the 3xP3-dsRed in the latter
construct with pPelican's mini-white. The pBluescript Gl-less version of e7p7-lacZ-3xP3-dsRed (Ne 12) construct
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was used as a basis to generate (1) Gl-containg e7p7-lacZ constructs by cloning 5’ Gl from pPelican immediately
upstream of e7p7 or/and downstream of SV40 3’ UTR in a reverse or forward orientation (constructs Ne 14-20);
(2) the three e7p7-lacZ constructs containing different parts of mini-white gene cloned into Spel site (immediately
downstream of SV40 3’ UTR): the 0.24 kb Afel/EcoR! fragment encompassing the 5’/promoter region of mini-
white (e7p7-lacZ-w5’, construct Ne 21), the 2.4 kb Aflll/EcoRV fragment encompassing mini-white’s gene body
(e7p7-lacZ-wB, construct Ne 22) and the 0.9 kb EcoRV/BsrGl 3’ part of the mini-white (e7p7-lacZ-w3’, construct
Ne 23). The pBluescript e7p7-lacZ construct with two Gls in forward orientation (Ne 14) was used to generate two
‘tester’ constructs by cloning e8p8-m8-Adh 3’ UTR module from the EGFP-untagged version of the GFPm8
construct (e8p8-m8 tester, Ne 24) and pH-gfp-SV40 3’ UTR module from pHStinger (pH-gfp tester, Ne 25)
immediately downstream of the 3’ Gl.

The e7p7-ATATA-lacZ construct (Ne 26) containing deletion of 20 nt encompassing TATA box was generated by
introducing an EcoRV restriction site by site-directed mutagenesis upstream of the TATA box of p7 in pPelican-
based e7p7-lacZ construct (Ne 11) and subsequent excision of the seqeunce between EcoRV and BstEll. The
intermediate e7p7-lacZ construct with introduced EcoRV (but without EcoRV/BstEll deletion; Ne 27) produced
LacZ expression pattern and levels indistinguishable to that of the e7p7-lacZ without EcoRV and was used as a
control transgene (to e7p7-ATATA-lacZ and e7p7-ADPE-lacZ) containing wild-type p7. The e7p7-ADPE-lacZ (Ne
28) construct was generated from pPelican-based e7p7-lacZ by excision of 83 nt containing INR and DPE motifs
in between BstEll and Stul restriction sites. The e7-lacZ (promoterless construct, Ne 29) was generated by an
excision of sequence between EcoRV and Stul from the e7p7-lacZ construct with the introduced EcoRV site (Ne
27).

All pH-gfp constructs (Ne 30-36) were made based on pHStinger (a version of pStinger containing pH fused to
egfp; Barolo et al. 2000). The pH-gfp with two Gls in forward orientation (Ne 30) was made by inserting attB
sequence into pHStinger. Subsequent deletions of the 3’ Gl, 5’ Gl and both Gls from this construct resulted in
generation of constructs Ne 31, 32 and 33, respectively. The 5’ GI’ pH-gfp (Ne 34) was made by cloning Gl in
reverse orientation into Gl-less pH-gfp. The 5’ GIF°F 3’ GIFEY pH-gfp (Ne 35) was made by cloning Gl in a reverse
orientation in place of the 3’ GIFR of GIsFF pH-gfp (Ne 30). The 5’ GIfEY 3’ GIF°R pH-gfp (Ne 36) was made by
cloning Gl in a reverse orientation in place of the 5’ GIFR of the GIs™R pH-gfp (Ne 30).

The 2 kb Bglll-EcoRV e7-containing fragment derived from the e7p7-lacZ construct bearing EcoRV site introduced
upstream to TATA box of p7 (Ne 27) was used to generate (1) the e7 construct (Ne 37) by replacing lacZ in the
pPelican-attB and (2) the e7pH-gfp (Ne 38) by cloning it upstream to pH of the GIsT°R pH-gfp (Ne 30). The e7p7-
gfp construct (Ne 39) was made by PCR-amplifying the p7 promoter from e7p7-lacZ (Ne 11) with p7F and p7R
primers and ligating the Nhel/Healll-digested PCR product into Nhel and Stul sites in the e7pH-gfp construct (Ne
38) such that p7 sequence replaces the sequence of pH. The p7-gfp (Ne 40) was based on the e7p7-gfp (N2 39)
by excision of e7 with Kpnl. The sequence of e8 was PCR-amplified with e8F and e8R primers, its product was cut
with Avrll and Nhel and ligated to Xbal and Nhel sites (replacing e7) in the e7 construct (Ne 37) to generate e8
construct (Ne 41). The sequence of e8 (as a Mfel-Nhel fragment) was cloned from e8 construct (Ne 41) upstream
of p7 (EcoRI/Nhel) in the p7-gfp construct (N2 40) to generate e8p7-gfp (N2 42). The e7p8-gfp construct (Ne 43)
was made by PCR-amplifying the p8 promoter from e8p8-lacZ (Ne 10) with p8F and L5R primers and ligating the
Nhel/Healll-digested PCR product into Nhel/Stul sites in the e7pH-gfp construct (N2 38) such that p8 sequence
replaces the sequence of pH. The e8 sequence was cut out from the e8 construct (Ne 41) with Mfel and Nhel
restriction enzymes and ligated to EcoRl/ and Nhel sites (such that the e8 sequence replaces the sequence of e7)
in the e7p8-gfp construct (Ne 43) to generate e8p8-gfp construct (Ne 44). The p8-gfp construct (Ne 45) was
generated by excision of the e7 sequence with Nael and Nhel restriction enzymes from the e7p8-gfp construct
(Ne 43).

The luc constructs (Ne 46-48) were generated by replacing pH-gfp module with the restriction fragment
containing pH-luc module (derived from the pGL3-hsp70-luc construct, gift from M. Monastirioti, IMBB) in the
GIs™OR pH-gfp (Ne 30), GIsFOR e7pH-gfp (Ne 38) and Gl-less pH-gfp (Ne 33) constructs — resulting in generation of
GIsFOR pH-Juc (Ne 46), GIsFOR e7pH-luc (Ne 47) and Gl-less pH-luc (Ne 48), respectively.

The ‘blank’ sender construct (Ne 49) was made by cloning (1) the Hindlll/BamHI-cut PCR-amplified product of e7
(primers e7-2F and e7-2R) into pLacZ-attB construct (D in Table 1) replacing lacZ sequence and (2) subsequent
cloning of the Nhel/Bglll-cut PCR amplicon of e8 (primers e8-2F and e8-2R). The ‘blank’ sender construct (Ne 49)
was used to generate Gl, Fab8 and 1A2 sender constructs (Ne 50, 51 and 52, respectively) by cloning the PCR-
amplified sequences of Gl, Fab8 or 1A2 into the Bglll site located in between e7 and e8. The 400 bp Gl sequence
was amplified on the pPelican template with GIF and GIR primers and contains full-length 367 bp Gl (see Figure

99



S7). The 540 bp Fab8 sequence was PCR-amplified from Drosophila genome using Fab8F and Fab8R primers and
contains the F8%%* sequence and part of F8%¢° sequence (as defined in Kyrchanova et al. 2008; see Figure S7). The
420 bp 1A2 sequence was PCR-amplified from Drosophila genome using primers 1A2F and 1A2R, and relates to
the exact same region defined as 1A2 insulator in Kyrchanova et al. 2008a (see Figure S7). The WI-less sender
constructs, Ne 53 and 54, were generated from the ‘blank’ sender (Ne 49) and the G/ sender (N2 50) constructs,
respectively, by excision of the 341 bp WI-containing fragment between BsrG/ and BstBI sites.

The ‘blank’ responder construct (Ne 55) was made by (1) replacing the pH in the pHStinger with the the DSCP
promoter (pD) derived from pBPGUw plasmid (Pfeiffer et al. 2008) and (2) ligating the resulting pD-gfp-SV40 3’
UTR module in between the Bglll and Nhel sites of pLacZ-attB, which already contains the pH-lacZ-5V40 module
(Bischof et al. 2007). Subsequently, this construct was used to generate G/ and Fab8 responder constructs (Ne 56
and 57, respectively) by cloning into the Bglll site the sequences of Gl and Fab8 PCR-amplified with the same sets
of primers (i.e., GIF/GIR and Fab8F/Fab8R) and in the same orientation as it was for the corresponding sender
constructs. The 1A2 sequence was amplified with the 1A2F2 and 1A2R primers and ligated into EcoRI/Bglll sites
of the ‘blank’ responder construct (Ne 55) resulting in generation of the 1A2 responder construct (N2 58). The WI-
less Gl responder (Ne 59) was generated by a deletion of the 502 bp WI-containing BstBI/Nsil fragment from the
Gl responder construct (Ne 56).

The HH-1.5, HH-2.1, HH-5.4, HB-1.6, BB-1.8, BB-3.1 and BB-2.3 constructs (N2 60-66) were generated by cloning
1.5 kb-, 2.1 kb- and 5.4 kb-HindIlI-Hindlll, 1.6 kb-HindIll-Bglll, 1.8 kb-, 3.1 kb- and 2.3 kb-BgllI-Bglil fragments,
respectively, derived from the R3007 cosmid (Delidakis and Artavanis-Tsakonas 1992b) into the MCS of lacZ-
deficient pPelican-attB.

The BB-5.4, BB-1.3, BB-7.9, BB-1.7, BB-07, BP-3.2 and PB-4.7 constructs (Ne 67-73) were generated by cloning 5.4
kb-, 1.3 kb-, 7.9 kb-, 1.7 kb- and 0.7 kb-BgllI-Bglil, 3.2 kb- and 4.7 kb-Pst/-Bglll fragments, respectively, derived
from the R3012 cosmid (Delidakis and Artavanis-Tsakonas 1992b) into the MCS of lacZ-deficient pPelican-attB.

The 0.8 kb sequence of Vestigial Quadrant Enhancer (vgQ, Kim et al. 1996) was derived from a pBluescript-vgQ
vector and cloned into the MCS of lacZ-deficient pPelican-attB to generate the VGQ construct (Ne 74).

e7p75-lacZ (Ne 75) is based on e7p7-lacZ (Ne 11) where B1-box of 7 was mutated into EcoRV site using primer
B1-XC-EcoRV. e7%p7-lacZ (Ne 76) was obtained by deletion of EcoRIl-Xhol (and treated with Klenow fragment)
proximal e7 fragment from e7p7-lacZ (Ne 11). e7”p7-lacZ (Ne 77) was obtained by deletion of Sphl-EcoRl (and
treated with Klenow fragment) distal e7 fragment from e7p7-lacZ (Ne 11). e7p7ACTCF-lacZ (Ne 78) was obtained
by deletion of BstBI-EcoR! (and treated with Klenow fragment) CTCF-binding region of e7 e7p7-lacZ (Ne 11).
e8p852“I-lacZ (Ne 79), e8p852¢12-|acZ (Ne 80) and e8p“-lacZ (Ne 82) are based on e8p8-lacZ (Ne 10) where B2-
and C1-boxes were mutated using primers B2-XC-EcoRV and C1-XC-Xhol to obtain construct Ne 79, C2-box was
mutated using primer C2-XC-Xmal to obtain construct Ne 82, and all of above primers were used to obtain
construct Ne 80. e8”p8-lacZ (Ne 80) was created by deleting proximal fragment of e8 with Bglll from e8p8-lacZ
(Ne 10).

T6FP-wt (Ne 83) was made by cloning 7 kb genomic fragment encompassing E(sp/)m7 and E(spl)m8, together with
their upstream (enhancers and promoters) and downstream (3’ UTRs) regulatory regions, was cloned with Xho!/
and Clal restriction enzymes from the R3012 cosmid clone encompassing part of E(spl) locus (Delidakis and
Artavanis-Tsakonas 1992b) into pPelican-attB, and tagging E(sp/)m7 with EGFP similar as it was done with
construct Ne 1. Subsequently, the latter construct was used to generate T°7™ (Ne 84) by mutating the putative
microRNA binding sites in the 3' UTRs of E(sp/)m7 and E(sp/)m8 with mutagenic primers BANT73wtSacN, m7-
289-H3, m7-219-Nae, m7-8-Aat, m7KXho, m7BrdSmal and m8KKmut. 7¢/7-5¢ (Ne 85) was made also based on
TEFPwt (Ne 83) where all B/C-boxes were mutated (primers B1-XC-EcoRV, B2-XC-EcoRV, C1-XC-Xhol and C2-XC-
Xmal). T¢FPB&mi (No 86) construct combines all microRNA-binding boxes and B/C-boxes point mutations. T
BC+3UTR (Ne 86) is made based on contruct Ne 1, where the mutation within B/C-boxes were introduced (same as
in Ne 83). Short T¢"""t and short T¢""B1 were obtained by cloning Xhol of construct Ne 83 and Ne 85 (respectively)
containing e7p7-EGFPm7-3' UTR unit into dPelican-attB.

T (Ne 91) is untagged version of construct Ne 83 and its derivatives (T5¢ - N2 92, 7™ - Ne 93, T5¢*™ - Ne 94) were
generated in an analogous fashion as similar derivatives of construct Ne 83. T°U"® (Ne 95) is untagged version of
construct Ne 1 and the T5¢*3UTR (Ne 95) is derived from it by mutating all B/C-boxes (as in Ne 85).

To obtain sensor m7** (Ne 97), 1014bp E(spl)/m7 3'UTR was PCR amplified with m73'UTRforXba and
m73'UTRrevXba and cloned into Xbal of contruct E. Subsequently, the sensor m7** (Ne 97) was used to generate
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sensor m75%¥ (Ne 98, by mutating Brd and K boxes with m7BrdSmal and m7KXho), sensor m7°°" (Ne 99, by
mutating bantam box with BANT73wtSacN), sensor m7¢@%* (Ne 100, by using primers used to generate
constructs Ne 98 and Ne 99), sensor m7Lt (Ne 101, by using primers used to generate constructs Ne100 and
primers m7-289-H3, m7-219-Nae and m7-8-Aat). To obtain sensor m8"* (Ne 103), 854 bp E(sp/)m8 3'UTR was
PCR amplified with m83'UTRforXba and m83'UTRrevXho and cloned into Xbal-Xho! of contruct E. Subsequently,
the sensor m8"t (Ne 103) was used to generate sensor m8* (Ne 103, by mutating K1 box with primer M8K1),
sensor m8 2 (Ne 104, by mutating K2 box with primer M8K2) and sensor m8 (Ne 107, by mutating both K boxes
with primer m8KKmut).

Table 1 List of constructs used in the study

Ne schematic Name (as in text) | Marker gene | Insulators Backbone
attB MES pUC8 ) . . . . FOR .
A N ST D pStinger-attB mini-white WI, Gls pStinger
74
atts M& e . L FOR .
B N ST TS pPelican-attB mini-white WI, Gls pPelican
74
pBluescript SK(+) ———
C aub e7p7-lacZ-attB 3xP3 - Bluescript
p7ll P prRLesTP
pUC ~
D LE’&B- MLCS-_/ placZ-attB mini-white Wi placZ-attB
pH ]
5 MCS tupb puce N .
E ats - mRFP sensor mini-white Wi pPelican
> D> v D
1 D[ dlm7 @ s> v [> GFPmM7-m8 mini-white WI, Gls"OR pPelican
2 D@ p7l[n7 e8> psl e D> v > m7-GFPm8 mini-white WI, GlsFOR pPelican
3 D> @2 e7[fBm7 P> v > GFP-E(spl)m7 mini-white WI, GIsFOR pPelican
4 M me D w D GFP-E(spl)m8 mini-white W], GIsFOR pPelican
5 P8| e8p8-GFPm8 mini-white Wi pPelican
6 e8p8-GFPm8 mini-white | WI, 5’ GIFR |  pPelican
7 e rsliatdine [ w > e8p8-GFPm8 mini-white | WI, 5 GI’ |  pPelican
8 @ ps|@fplns D> v D e8p8-GFPm8 mini-white | WI, 3’ GIFR |  pPelican
9 @@ pslapime <[ v > e8p8-GFPm8 | mini-white | WI,3' G | ppelican
10 ﬂl_- D1 v D e8p8-laczZ mini-white WI, GIsFOR pPelican
11 M__ > w D e7p7-lacZ mini-white WI, GIsFOR pPelican
12 P7 r_ 3xP3) e7p7-lacZ 3xP3-dsRed - pBluescript
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7| >

13 e/p7-lacZ mini-white Wi pPelican
14 ﬂr- e7p7-lacZ 3xP3-dsRed GIsFOR pBluescript
15 > p7 |l 3> e7p7-lacz 3xP3-dsRed | 5 GIF® | pBluescript
16 4!’7 |- e7p7-lacZ 3xP3-dsRed 5’ GIREV pBluescript
17 ﬂl__ e’7p7-lacZ 3xP3-dsRed 3’ GIFOR pBluescript
18 P7 |-< e7p7-lacZ 3xP3-dsRed 3’ GIREY pBluescript
’ FOR
19 ﬂl__< e7p7-lacZ 3xP3-dsRed 53 %II REV pBluescript
’ REV
20 <]ﬂ|i e7p7-lacZ 3xP3-dsRed i, 2I|FOR, pBluescript
w5’
21 p7|-é """"""" “{3xP3> e7p7-lacZ-w5’ 3xP3-dsRed - pBluescript
WB
22 p7|-|—_ﬁ """ “{3xP3> e7p7-lacZ-wB 3xP3-dsRed - pBluescript
W3
23 p7|-§ """""" b e7p7-lacZ-w3’ 3xP3-dsRed Wi pBluescript
24 D>e2p7| B> e®ps[me> 72> e8p8-m8 tester 3xP3-dsRed GIsFOR pBluescript
25 D> e7>p7 N> o+ 1Bl 72> pH-gfp tester 3xP3-dsRed GlsFOr pBluescript
ATATA
26 p7|-' e7p7-ATATA-lacZ | mini-white WI, GIsFOR pPelican
7
27 e7p7-lacZ mini-white WI, GIsFOR pPelican
28 e7p7-ADPE-lacZ mini-white WI, GIsFOR pPelican
29 e7-lacZ mini-white WI, GIsFOR pPelican
30 pH-gfp mini-white WI, GIsFOR pStinger
31 pH-gfp mini-white | WI, 5’ GIFOR pStinger
32 pH-gfp mini-white | WI, 3’ GIFOR pStinger
33 } pH-gfp mini-white Wi pStinger
34 <PH|-| w D pH-gfp mini-white | WI, 5" GIREY |  pStinger
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7 ~|FOR
35 DPH|-< pH-gfp mini-white WI?",SGIELV "|  pStinger
’ REV

36 <PH|- WD pH-gfp mini-white WIS’,SGI(FSCI,R | pStinger
37 DE > e7 mini-white | WI, GIS% |  pPelican
38 PHl- L wD e7pH-gfo mini-white WI, GlsFOR pStinger
39 P7|- e7p7-gfp mini-white | WI, GIsFOR pStinger
40 >P7|- > w D p7-gfp mini-white WI, GIsFOR pStinger
41 D'I > e8 mini-white WI, GlsFoR pPelican
42 P7|- e8p7-gfp mini-white WI, GIsFOR pStinger
43 ﬁli L w D e7p8-gfp mini-white | WI, GIsFOR pStinger
a4 ﬂr- L w D e8p8-gfp mini-white | WI, GIsFOR pStinger
45 >P8|- - w D p8-gfp mini-white | WI, GIsFR pStinger
46 DPH luc DE pH-luc mini-white WI, GIsFOR pStinger
47 >(e?pH|lluc e7pH-luc mini-white | WI, GIsF® |  pStinger
48 pH| luc| w |> pH-luc mini-white Wi pStinger
49 @ @ @ ‘blank’ sender mini-white Wi plLacZ-attB
50 4 e v | Gl sender mini-white Wi, GIRY | pLacZ-attB

Fab8
51 @ 4 @II Fab8 sender mini-white WI, Fab8 placZ-attB

1A2

52 @ 4 @ II 1A2 sender mini-white Wi, 1A2 placZ-attB
53 ‘blank’ sender m! n;xl”te_ - placZ-attB
54 (e? 4 Gl sender mm;‘://c;/te- GIREY placZ-attB

pH  )p v ank’ responder | mini-white placZ-att
55 Mo pol@BI<] | | ‘blank’ d ini-whi Wi LacZ-attB
56 -—|P_H@£|—- Gl responder mini-white WI, GIRY | placZ-attB

Fab8

57 -|pH<g>pD|- Fab8 responder mini-white WI, Fab8 placZ-attB
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1A2

58 -|pH@pD|- 1A2 responder mini-white WI, 1A2 placZ-attB
— ini-white-
59 WG o+ <] ool Bl Gl responder mm;‘\;\‘/” fte GIREY placZ-attB
60 DE > HH-1.5 mini-white | WI, GIsF* | pPelican
61 DE > HH-2.1 mini-white | WI, GIsF* | pPelican
62 DE > HH-5.4 mini-white | WI, GIsF* | pPelican
63 DE > HB-1.6 mini-white | WI, GIsF* | pPelican
64 DE > BB-1.8 mini-white | WI, GIsSF* | pPelican
65 DE > BB-3.1 mini-white | WI, GIsF* | pPelican
66 DE > BB-2.3 mini-white | WI, GIs©* | pPelican
67 DE > BB-5.4 mini-white | WI, GIsF* | pPelican
68 DE > BB-1.3 mini-white | WI, GIs* | pPelican
69 DE > BB-7.9 mini-white | WI, GIsSFR | pPelican
70 DE > BB-1.7 mini-white | WI, GIsF* | pPelican
71 DE > BB-07 mini-white | WI, GIsFR | pPelican
72 DE > BP-3.2 mini-white | WI, GIsS©* | pPelican
73 DE > PB-4.7 mini-white | WI, GIs©R | pPelican
74 DE > vGQ mini-white WI, GIsFOR pPelican
75 e7p78-lacz mini-white WI, GIsFOR pPelican
76 e7%p7-lacz mini-white WI, GIsFOR pPelican
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77 e7Pp7-lacZ mini-white WI, GIsFOR pPelican
78 e7p7ACTCF-lacZ mini-white WI, GIsFOR pPelican
p8
79 HGEE sv+| e8p882“1-lacz mini-white WI, GIsFOR pPelican
B2 T2 SPSHA
p8
80 NG s+ e8p882c1 lacz mini-white WI, GIsFOR pPelican
_B_z_ﬂ_ SPS+A
81 ﬂm e8P p8-lacz mini-white WI, GIsFOR pPelican
SPS+A
p8
82 iﬁ NG sv+o] e8p“?-lacz mini-white WI, GIsFOR pPelican
83 @ p?[iflm7 {7 @@ pe]EDE] ToFP-wt mini-white | WI, GIsFOR pPelican
84 @7 __\Jil. TCFP-mi mini-white WI, GlsFOR pPelican
85 .ﬂr—@. TGFP-BC mini-white WI, GlsFOR pPelican
86 ._l"-é. TGFP-BCHmI mini-white WI, GIsFOR pPelican
87 .J-.db- TOFP-BC+3UTR mini-white WI, GIsFOR pPelican
88 (e7p7 ||Z| short TeFP-wt mini-white WI, GIs™OR pPelican
89 EI short TCFP-81 mini-white WI, GIsFOR pPelican
90 @ Torp-B2c1C2 mini-white | WI, GIsFR pPelican
91 ™t mini-white | WI, GIs"R | pPelican
92 T8¢ mini-white WI, GIsFOR pPelican
93 ._FE%I‘LF@EI ™ mini-white WI, GIsFOR pPelican
94 ﬂf@% TBCHm mini-white Wi, GlsFoR pPelican
95 alib:ﬁlﬁb- T3UTR mini-white | WI, GIsR |  pPelican
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96 ﬂ@!lﬁlb- TEC+3UTR mini-white | WI, GIsF* | pPelican
97 EZ;B = Z:::l sensor m7"t mini-white WI, GlIsFOR pPelican
98 ';1";] sensor m78raK mini-white | WI, GIsFOR pPelican
99 E o B:M sensor m7°ant mini-white WI, GIsFOR pPelican
100 mn@. sensor m78rdkb mini-white | WI, GIsFR pPelican
101 sensor m7°t mini-white WI, GIsFOR pPelican
102 Sv40 sensor SV40 mini-white WI, GIsFOR pPelican
103 8 | sensor m8" mini-white WI, GIsFOR pPelican
104 8fcl | sensor m8X! mini-white | WI, GIsF® | pPelican
105 Bm- sensor m8? mini-white WI, GIsfOR pPelican
106 8}.]ADH sensor m8"PH mini-white | WI, GIsFR pPelican
107 sensor m8K mini-white WI, GIsFOR pPelican
108 sensor ADH mini-white WI, GIsFOR pPelican

Table 2 List of primers

Name Sequence (5’ to 3’)

e8p8F CGTCTAGAGGGGAATCTATTTTACAGCACAATCCAATAGGGG
e8p8R GCGGTACCCGGCTTGTTGCTGCCTGCTCG

e7p7F CGGCATGCGTCGCCAGAAAAATTGTAACGGCCC

e7p7R GCCTCGAGGAACTTCTTCGATCTTTCGGAGGAGG

p7F GAGGCTAGCAGCTATAAAAGCAGCGGTAACC

L5R TCAGACGATTCATTGGCACC

e8F CGGCATGCGGGGAATCTATTTTACAGCACAATCCAATAGGGG
e8R CTGGCTAGCTCCCTGGTCCCTGAAATCC

p8F GAGGCTAGCGGTATAAAAGGACGGGACCTC

e7-2F GGGAAGCTTGTCGCCAGAAAAATTGTAACGG

e7-2R GGCGGATCCGTGCCGCCGCGAGAG

e8-2F CGTCTAGAGGGGAATCTATTTTACAGCACAATCCAATAGGGG
e8-2R CCCGCTAGCCGCTCCCTGGTCCCTGAAATCC

GIF GGAGATCTGCATCACGTAATAAGTGTGCGT

GIR GGAGATCTGCCGAGCACAATTGATCG

Fab8F GGAGATCTGGGGAGGGAATTTTCTTCA

Fab8R GGAGATCTCATCTTCCGTTCATCCGTT

1A2F1

GGCGGATCCACTACCAGGCAAGAAAGTAGGT
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1A2F2 GGTGCGAATTCACTACCAGGCAAGAAAGTA

1A2R GGCGGATCCTATATGCTTCGTCTACCGTTGTG

B1-XC-EcoRV GCTCTCGCGGCGGGATATCCAGCTATAAAAGCAGC

B2-XC-EcoRV GTGCACTAGCTTATTTAGGATATCTGTAAAAAAATGGACTTCCC

C1-XC-Xhol CATACAAATGAGTTTCAGCTCGAGTCTCGATTACTTATC

C2-XC-Xmal CGAGTGTGGCCCGGGGGGCACACTTTC

BANT73wtSacN ECGCAGCTTTAGAAAAAATGCTTTACAATGAGCTCTCTTTATTTGTTACGTTAC
m7-289-H3 GGAAGAAGATTCCATTGAAAGCTTTTAATGTTGGTATGCGCG

m7-219-Nae CCCGACGGGCCGGCACGCAATTGGAACC

m7-8-Aat GGGGATATTGAACTTCAGGCCTTGTCTTTAAATTCC

m7KXho GGTTTCTAAGTTAAGTCCTCGAGAGGGCACGCTTTATTAACTTTTGTC
m7BrdSmal CGCAATTGGAACCGCAGCCCGGGAAAAAATGCTTTACAATGATCC
m8KKmut CCAACCAACAACGCATCCTCGAGAGCCCAACCCCGGGGGCAACAAAATAGC
m73UTRforXba GCATCTAGATAAACAAAGATCTACTTGGAAGG

m73UTRrevXba GGGTCTAGATACGTAATGCTATTGCAACCC

m83UTRforXba GCATCTAGACAAGGGGTTAAGTGGCAGG

m83UTRrevXho | GGGCTCGAGTCGCTTCAGCGGCGCAG

M8K1 CCAACCAACAACGCATCCTCGAGAGCCCAACTGTGATGGC

M8K2 CGCATCTGTGATAGCCCAACCCCGGGGGCAACAAAATAGC

4.2. Fly maintenance and stocks

Flies were maintained under standard conditions at 25°C. Stocks containing attP docking sites used for the
integration of attB plasmids: attP40 (RRID:BDSC_25709), attP2 (RRID:BDSC_25710) (Groth et al. 2004; Markstein
et al. 2008), VK2 (RRID:BDSC 9723), VK13 (RRID:BDSC_24864), VK37 (RRID:BDSC_24872), VK40
(RRID:BDSC_35568) (Venken et al. 2006); each carrying, and if not - crossed to, a chromosome expressing ®C31
integrase under the control of nanos derived from the attP40 stock (RRID:BDSC_25709) (Bischof et al. 2007). For
clonal analysis, the following mutant alleles were used: bantam®! (Brennecke et al. 2003), FRT82B
P[gro*]Df(3R)E(spl)**>? (Schrons et al. 1992) (RRID:BDSC 52011), FRT82B Dcr-1%*47% (Lee et al. 2004)
(RRID:BDSC 32066). The BX22 E(spl) deficiency was derived from the Df(3R)Espl22, tx'/TM6B, Tb* stock
(RRID:BDSC 3345). The following Drosophila genotypes (supplemented with appropriate transgene on the

second chromosome) were used to generate loss-of-function clones by the FLP/FRT system (Xu and Rubin 1993):

yw hs-FLP; M(3L) ubi-GFP FRT80B/bantam®! FRTS0B (Figure 15)

yw hs-FLP; FRT82B P[gro*]Df(3R)E(spl)"*?*%?/ FRT82B ubi-GFP (Figures 11, 16, 26, 28)

yw hs-FLP; FRT82B P[gro*]Df(3R)E(spl)*3*?/ FRT82B arm-lacZ (Figure 27)

yw hs-FLP; FRT82B ubi-GFP/ FRT82B Dcr-12*147X (Figure 14)

yw hs-FLP; FRT82B arm-LacZ/ FRT82B Dcr-1%147X (Figure 25)

Heat-shock was induced 3 days after egg laying and late third instar wing disks were dissected 3 days after heat
shock induction. The clones were visualized in disks by either loss of GFP or LacZ expression or expression of GFP.
The su(Hw) mutant effects were assayed in the animals transheterozygous for sufHw)®%%! null allele
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(RRID:BDSC 18224) (Thibault et al. 2004) and su(Hw)? strong hypomorphic allele resulting in the ten times
decreased su(Hw) expression (RRID:BDSC 983) (Parkhurst et al. 1988; Georgiev et al. 1997).

4.3. Integration of attB plasmids into attP fly lines

All plasmids in this study were integrated into a unique attP landing site specified in the text and figure legends
for each transgene. Microinjection was performed as previously described (Ringrose 2009). A solution of 500
ng/ul plasmid DNA was microinjected into nanos- @C31; attP fly embryos. Flies that grew to adulthood were
crossed with y w flies. Depending on the injected DNA construct, the mini-white or 3xP3-dsRed marker was used
for subsequent screening and tracking the transgene.

4.4. Immunostaining and microscopy

Fixation and immunohistochemistry of embryos and larval tissues was performed according to standard
protocols. CNSs and imaginal disks were dissected from late third instar larvae, fixed with 4% paraformaldehyde
and labeled with one or combination of the following primary antibodies: rabbit polyclonal anti-GFP (Minotech
Biotechnology), mouse anti-B-galactosidase (Promega Cat# 73781, RRID:AB 430877), rabbit anti-B-
galactosidase (ICN Pharmaceuticals Cat# 55976, RRID:AB_2313707), guinea pig anti-Deadpan (Caygill and Brand
2017), mouse anti-Hey (Monastirioti et al. 2010) (Monastirioti M; Development. 2010 Cat# Hey,
RRID:AB 2568888), rabbit anti-PH3 (Millipore Cat# 06-570, RRID:AB_310177), rat-anti-Elav (DSHB Cat# Rat-Elav-
7E8A10 anti-elav, RRID:AB 528218), mouse anti-Cut (Bodmer et al. 1987) (DSHB Cat# 2b10, RRID:AB 528186),
guinea pig anti-Sens (gift from Hugo Bellen) (Nolo et al. 2000). For their detection, | used the following secondary
antibodies: goat anti-rabbit, Alexa488-conjugated (Thermo Fisher Scientific Cat# A-11034, RRID:AB 2576217)
(GFP, B-galactosidase in Figure 4 and 5), goat anti-mouse, Alexa633-conjugated (Thermo Fisher Scientific Cat#
A-21052, RRID:AB 2535719) or donkey anti-mouse, Alexa647-conjugated (Thermo Fisher Scientific Cat# A-
31571, RRID:AB 162542) (B-galactosidase, Cut), Cy5-AffiniPure Donkey Anti-Guinea Pig (Jackson
ImmunoResearch Labs Cat# 706-175-148, RRID:AB 2340462) (Dpn), Alexa Fluor® 555 Donkey Anti-Mouse,
(Thermo Fisher Scientific Cat## A-31570, RRID:AB 2536180) (Hey), Cy3-AffiniPure Goat Anti-Rabbit (Jackson
ImmunoResearch Labs Cat# 111-165-144, RRID:AB 2338006) (PH3), Cy3-AffiniPure F(ab')2 Fragment Donkey
Anti-Rat, (Jackson ImmunoResearch Labs Cat# 712-166-153, RID:AB_2340669) (Elav), Goat anti-Guinea Pig, Alexa
Fluor 555 (Thermo Fisher Scientific Cat# A-21435, RRID:AB_2535856) (Sens). Samples were imaged on a Leica
SP8 confocal platform using a 20x Qil Immersion Objective with fixed zoom levels for each tissue type (CNS, wing
and eye disks), except of close-ups which were imaged with 63x objective. All samples within each figure (except
of Figures 7, 14-16) were fixed and immunostained at the same time. Scanning of all figure samples was
performed using identical microscope and software settings and, when possible, completed within one imaging
session to enable semi-quantitative comparison. Where scanning of all figure samples within one session was
not possible, replicates of the samples from two chosen genotypes were re-scanned together with the remaining
samples in the next scanning session ensuring that the replicated samples are comparable. For each genotype,
at least 10 wing disks, 5 CNSs and 3 eye-antennal disks were scanned. Images were manipulated using ImageJ
(pseudocoloring, rotation and maximum intensity projection z-stacks) and arranged into data sets using Adobe
Photoshop CC 2017 and Microsoft PowerPoint. Note that | used two different z-projections for some wing disk
images in Part 2 of this manuscript. For the top part, containing the wing pouch, a full z-projection of the sample
was done, while the bottom part, containing the notum and hinge, encompassed only sections containing the
adult muscle precursors (AMPs). This was done to avoid confusing AMP expression with expression in the
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overlying tegula, a sensory organ primordium. Whereas AMPs and tegula can be easily distinguished in the 3D
confocal stacks, they merge to one cluster upon z-projection. Since enhancer e7 activity is specific for the AMPs
and not the tegula, we excluded the tegula sections from the z-projections shown.

4.5. Luciferase assays

Luciferase activity was measured using the Promega Luciferase Assay System Kit (Cat# E153A). CNSs and imaginal
disks from ten late third instar larvae were collected in 200 pl of 1X lysis reagent CCLR for each sample. Samples
were collected over a series of days and stored at -80°C until five independent samples were collected for each
genotype. Samples were defrosted, put on ice and homogenized using Kontes pestles. Homogenized samples
were incubated at room temperature for 10 minutes and then centrifuged for 5 minutes to pellet tissue remains.
Obtained homogenates were subsequently measured for luciferase activity and total protein content for
normalization. 20 pl of each homogenized sample was mixed with 50 ul of Promega Luciferase Assay Reagent
and promptly measured on single tube luminometer (Turner Designs TD-20/20). Total protein was measured
using the Pierce BCA Protein Assay Kit (Cat#f 23225). 10 pl of each homogenized sample was mixed with 200 pl
BCA Working Reagent on clear-bottomed 96-well plates (Costar) and incubated at 37°C for 1 hr. The plates were
allowed to equilibrate to room temperature for 10 min before measuring absorbance on an Awareness
Technology ChroMate Microplate Reader at 562 nm. Three replica plates were averaged for each sample. A

standard curve was produced with BSA dilutions in Promega 1X lysis reagent CCLR.
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