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Abstract: Myc is a crucial regulator of growth and proliferation during animal development. Many signals and transcription factors lead
to changes in the expression levels of Drosophila myc, yet no clear model exists to explain the complexity of its regulation at the level of
transcription. In this study we used Drosophila genetic tools to track the dmyc cis-regulatory elements. Bioinformatics analyses identi-
fied conserved sequence blocks in the noncoding regions of the dmyc gene. Investigation of lacZ reporter activity driven by upstream,
downstream, and intronic sequences of the dmyc gene in embryonic, larval imaginal discs, larval brain, and adult ovaries, revealed that it
is likely to be transcribed from multiple transcription initiation units including a far upstream regulatory region, a TATA box containing
proximal complex and a TATA-less downstream promoter element in conjunction with an initiator within the intron 2 region. Our data
provide evidence for a modular organization of dmyc regulatory sequences; these modules will most likely be required to generate the
tissue-specific patterns of dmyc transcripts. The far upstream region is active in late embryogenesis, while activity of other cis elements
is evident during embryogenesis, in specific larval imaginal tissues and during oogenesis. These data provide a framework for further
investigation of the transcriptional regulatory mechanisms of dmyc.
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Introduction
In the early stages of organ development, the expres-
sion patterns of genes must be tightly spatiotemporally
controlled. This function requires a set of complex
interactions between the cis regulatory modules of
each gene and the gene’s regulatory proteins, which
bind to these elements to modulate transcription.
Indeed, the interactions between cis elements and
their binding factors is well established as a key
mechanism controlling expression of the develop-
mental genes required for establishing the anteropos-
terior and dorsoventral axes in Drosophila.'?

Mpyc is an important developmental gene requiring
tight transcriptional regulation.’ ® As an evolutionarily
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conserved bHLHZ (basic-helix-loop-helix leucine
zipper) transcription factor, Myc is a master regulator
of cell growth and proliferation.” Upon dimerization
with Max, another bHLH protein, Myc binds to the
E-box sequences of target genes to activate cellular
growth and cell cycle progression.*!® Conversely,
heterodimers of Myc and other Myc-associated zinc
finger proteins, such as Mizl, can act negatively to
regulate transcription of genes responsible for cell
cycle arrest'"* (Fig. 1).

Myc proteins can link growth with cell cycle pro-
gression via activation of the S phase cyclins, which
are required for DNA replication.*®!* Regulation
of cell growth and division is critical for animal
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Figure 1. Simplified schematic interaction of Myc/Myc-associated bHLH proteins at the promoters of target genes. Upon binding to E-box sequences in
the promoter region of target genes, heterodimers of Myc/Max can recruit chromatin remodeling complex TRAPP/Histone acetyl-transferase (HAT) and
interact with the bound basal transcription machinery at the TATA region of target genes to activate transcription. Conversely, heterodimers of Mad/Max
transcription factors recruit mSin3/Histone deacetylases to counteract Myc activity and repress Myc target genes by regulating differentiation and cell cycle
arrest. The binding of Myc/Max dimers can interfere with the function of transcription activator Miz-1 to inhibit the recruitment of cofactor proteins like p300

to the promoters of genes responsible for cell cycle regulation.
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development because too little growth leads to small
organs and small body size, whilst excessive growth
can lead to tissue overgrowth and initiation of cancer.
For Myc, its misexpression during development per-
turbs normal growth; too much Myc can facilitate
malignant transformation and too little Myc leads to
retarded growth.!'%!152

Functional conservation between Drosophila dMyc
and human c-Myc has been demonstrated in a variety
of biological activities, such as the ability of dMyc
to drive the cell cycle in c-myc null fibroblasts and to
transform primary mammalian cells.’***' Conversely,
c-Myc can rescue lethal mutations of dmyc.*

The evolutionarily conserved structure and func-
tion between dMyc and c-Myc’ has prompted the
use of Drosophila as a model to gain insight into
many aspects of mammalian Myc biology. In partic-
ular, Drosophila genetic models have demonstrated
that dMyc controls cell growth and cell division by
regulating its direct targets involved in protein bio-
genesis and metabolism.®**7* In response to devel-
opmental signals and mitogenic stimuli, patterned
dmyc expression is required for a developing organ
to reach its appropriate size and shape. For example,
Wingless, Dpp, and Notch signaling pathways are
key regulators of dmyc expression that are required
to keep the balance between cell growth/division and
differentiation.’*<” A variety of tumor suppressor fac-
tors, including Half pint and Lethal giant larvae, nega-
tively regulate dmyc transcription to achieve cell cycle
inhibition and promote differentiation.**° In addition,
dmyc target genes can influence the transcription of
dmyc in a regulatory feedback manner. For instance,
the Hippo pathway transcriptional coactivator, Yorkie
(yki), upregulates dmyc, and high levels of dMyc in
turn repress yki.*

However, despite a growing list of pathways lead-
ing to altered dmyc transcription, we are far from
unraveling the many complex interactions required at
the dmyc promoter for patterning of myc transcription
throughout development. Here we dissected the dmyc
promoter and other potential regulatory regions and
have drawn connections between certain domains
and spatial and temporal patterning of dmyc expres-
sion throughout development of Drosophila. We find
that its high expression in early embryos, larval discs
and brain, and ovary is achieved through initiation
of transcription at multiple sites. Additionally, dmyc

utilizes multiple polyadenylation signals to terminate
transcription and promote 3’-end formation. These
findings raise the possibility that modularly struc-
tured regulatory elements of the dmyc gene play a key
role in controlling both its high expression in growing
and dividing cells as well as its downregulation dur-
ing differentiation.

Our computational analyses of the dmyc locus
reveal multiple conserved sequence blocks within
the noncoding regions that show reporter activity
in the tested tissues. This work will provide a basis
for understanding the regulatory clusters likely to be
important downstream of the developmental signals
previously implicated in myc regulation.

Materials and Methods
Cloning and sequencing of the dmyc

gene
The RP98-2A13 BAC clone containing the dmyc
locus (obtained from the Children’s Hospital Oakland
Research Institute, Oakland, CA) was triple digested
with Notl/Asp718/Dralll. The resulting genomic frag-
ment RP27, a 27-kb insert harboring the dmyc locus of
12.83-kb, was cloned into the 5" Notl and 3" ASP718
sites in the fly transforming vector pCaSpeR4 (Dros-
ophila Genomic Resources Center, DGRC) to obtain
pC-RP27. The genomic fragment in the BAC clone
RP98-2A13 harboring the dmyc gene was sequenced
at the beginning and at the end of the dmyc gene, each
time towards the end of the dmyc gene with prim-
ers BAC-F and BAC-R. The 27-kb genomic frag-
ment in the pC-RP27, including the dmyc gene, was
sequenced at its distal site with the primer pcaF and
at its proximal end with the primer pcaR, each time
towards the dmyc gene. Sequences for all the poly-
merase chain reaction and sequencing primers are
listed in Supplemental Table 1.

Generation of LacZ reporter strains

ForrandomP-elementtransformation, theready-to-use
transforming vector pCaSpeR-NLSlacZ (Droso-
phila Genomic Resources, originally from Tummel’s
laboratory) was used. The pCaSpeR4-NLSlacZ vec-
tor, free from hsp70 promoter or any other regula-
tory elements, contains the eye marker white gene,
the reporter NLSlacZ, SV40 poly (A) tail, and the
ampicillin resistance gene. Inserts for the reporter
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constructs, J2.1-J7, J1-J1.5, J8, J8.2, J9 (Figs. 5-8),
J8.1, and J10 (Supplemental Figs. 3 and 4), are
derived from the genomic sequences in pC-RP27 and
were subcloned either into pCaSpeR-NLSlacZ and/or
into the site-specific pattB-temp del LoxP reporter
plasmid (Rainbow Transgenic Flies, original pUAST-
attB vector was a gift from Basler’s laboratory).
The original vector pUAST-attB was engineered to
remove the 5 X UAS-hsp70 and LoxP site sequences,
followed by self-ligation to obtain the ready-to-use
pattB-temp del LoxP transforming vector. pC-RP27
was digested with BamHI and run on 0.5% agarose
gel to isolate the 7.9-kb BamHI-BamHI dmyc 5" and
8.9-kb BamHI-BamHI dmyc large intron fragments.
Each fragment was subcloned into pBS-SKII
(+) (which was a generous gift from Oleg Georgiev,
Walter Schaffner’s laboratory) to obtain SKII-dmyc5
and SKII-dmIn2 intermediate plasmids. For subclon-
ing the dmyc 5" promoter/enhancer into pCaspeR4-
NLSlacZ, the 7.9-kb BamHI-BamHI fragment
in SKII-dmyc5 was first mutated by polymerase
chain reaction to remove the approximately 800 bp
open reading frame sequence and to introduce an
Acc651 restriction site at the 3’ end of the fragment.
Polymerase chain reaction amplification of the dmyc
promoter/enhancer, the BAC clone RP98-2A13 served
as the template, the amplified fragment was 2601
bp in size, and the amplifying primers had the
names dmSE2F and dm5E2R (primers 17 and 18 in
Supplemental Table 1). Polymerase chain reaction
conditions in the thermal cycler were one cycle of
initial denaturation at 98 °C for 30 seconds; 30 cycles
of denaturation at 98 °C for 10 seconds, annealing
at 60 °C for 30 seconds, and extension at 72 °C for
60 seconds; and one final extension cycle at 72 °C for
5 minutes, held at 4 °C. Plasmids SKII-dmyc5 and
the polymerase chain reaction fragment were each
separately digested with Aatll and Acc651 (Aatll is
located 1550 bp downstream of the transcription start
and Acc651 is in the SKII-dmycS5, 60 bp downstream
of the dmyc fragment in the multiple cloning site). The
vector SKII-dmyc5 was digested to excise an approx-
imately 1150 bp Aatll/Acc651 fragment. The poly-
merase chain reaction fragment was digested to isolate
the approximately 296 bp Aatll/Acc651 fragment.
After isolation on 1.5% agarose gel, the vector and
insert were ligated overnight to create plasmid SKII-
dmyc5, free from open reading frame (10,035 bp in

size). The 5" Notl-Acc651 3’ dmyc 5 fragment in the
plasmid SKII-dmyc5, free from open reading frame,
was excised and subcloned in 5" Notl-Acc65I 3’ lin-
earized/dephosphorylated pCaspeR4-NLSlacZ in
front of reporter lacZ to obtain the transgene J2.1.
Constructs J3—J7 contain successive restriction dele-
tions of the J2.1 insert, using either J2.1 or pC-RP27
as templates and digesting with Notl and another suit-
able enzyme. For the creation of J1, the 5* BamHI-
Xbal 3" SV40 trailer in transgene J2.1 was replaced
with an approximately 10.5-kb fragment from the 3’
end of dmyc in pC-RP27. The genomic fragment for
JD was obtained by polymerase chain reaction ampli-
fication of the RP98-34B12 BAC clone (obtained
from the Children’s Hospital Oakland Research
Institute) in two steps to create products D1 and D2
(using a high fidelity polymerase chain reaction kit,
Finnzymes Inc, Lafayette, CO). The two polymerase
chain reaction fragments were combined by blunt
ligation (CIAP, Roche Diagnostics, Indianapolis, IN)
into BlueScript, then removed and exchanged for the
J2.1 insert by 5" Notl and 3” Acc651 digestion. For the
creation of J8, SKII-dmIn2 served as the template.
As for the creation of J2.1, the open reading frame
sequences flanking the intron 2 sequence were first
removed by the polymerase chain reaction, for which
plasmid pC-RP27 served as a template. The resulting
5" Notl and 3” ASP718 full length intron 2 sequence,
free from open reading frames, was exchanged for
the J2.1 insert by 5" Notl and 3" ASP718 restriction
digestion. The insert of J5 transgene was either fused
proximal to distal relative to the 5" end of the J8 frag-
ment to obtain the J9 reporter construct, or it was
combined distal to proximal with the 5" end of the
J8 construct to generate the J10 transgene. Reporters
J1-J1.5 terminate transcription by full length or trun-
cated forms of dmyc 3" sequences; all the other con-
structs contain the SV40 poly (A) signal.

All BAC clones, intermediate plasmid constructs,
engineered transforming vectors, and transgenes
were sequenced by Microsynth AG, Balgach,
Switzerland. Except for the standard primers (pro-
vided by Microsynth), all other oligonucleotides and
sequencing primers were designed using the software
tool DNASTAR Lasergene 9.1 module PrimerSelect
and synthesized at Microsynth AG. Sequences for all
the polymerase chain reaction and sequencing prim-
ers are listed in Supplemental Table 1.
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Each reporter transgene was transfected into
electrocompetent Max DH10B Escherichia coli cells
(Invitrogen). Plasmid DNA for injection was isolated
using a Qiagen large construct kit. Each plasmid was
sequenced at the distal and proximal sites of the dmyc
promoter sequences before injection. For the reporter
studies based on random P-element insertion, embryos
from genotype y/1/ w/1118] were used and for the stud-
ies with the phage ®C31 integrase transgenesis system
we used embryos from fly lines carrying different attP
attachment sites (both strains were from Bloomington
Stock Center, Bloomington, IN). The attP fly stocks
used in this study are listed in Supplemental Table 2.

X-Gal Staining Assays

For each construct, 4-15 independent transgenic lines
(except the largest construct [J1] for which only two
independent lines were obtained) were dissected and
X-Gal staining was performed at standardized reaction
conditions.*! The incubation temperature for different
tissues was as follows: discs 29 °C, embryos 37 °C,
and ovaries at room temperature. For each construct,
a representative disc, brain, embryo, and ovary was
chosen for presentation. dpp-lacZ fly stocks (gifted
by Dragan Gligorov, Karch’s laboratory) were used
as a positive control, while y/1]/ w/1118] and attP-fly
stocks were used as negative controls.

Reverse Transcriptase Polymerase Chain

Reaction Analysis

Total RNA was isolated from the sample discs
(Fig. 4, c—e; Fig. 5B, b; 5C, k, 1; Supplement Fig. 5g)
using an aMResco phenol-free total RNA purifica-
tion kit (Code N788 kit) with RNase-free DNase
treatment (Promega, Basel, Switzerland) follow-
ing the manufacturer’s protocol. Total RNA 1 ug
was reverse transcribed into cDNA in a reaction
volume of 30 pL using SuperScript™ III reverse
transcriptase oligo(dT) 20 primers and reverse tran-
scription reagents from Invitrogen (Carlsbad, CA).
Semiquantitative polymerase chain reactions were
performed on the resulting cDNA using a high fidelity
Phusion DNA polymerase kit (Finnzymes, Biocon-
cept, Switzerland). Polymerase chain reaction primers
were designed for the /acZ reporter gene and Droso-
philaactin gene using PrimerSelect from the Lasergene
software suite (DNASTAR, Madison, WI). All prim-
ers were synthesized at Microsynth. Primer sequences

are indicated from 5" to 3’ in Supplemental data,
Table 1. The polymerase chain reaction conditions
in the thermal cycler were one cycle of initial dena-
turation at 98 °C for 20 seconds; 30 cycles denatur-
ation at 98 °C for 10 seconds, annealing at 61.3 °C for
30 seconds, and extension at 72 °C for 50 seconds;
one cycle final extension at 72 °C for 2 minutes, held
at 4 °C. The polymerase chain reactions, 5 UL per
lane, were run on 1% agarose gel for 90 minutes at a
voltage of 120.

Bioinformatics Analyses of Regulatory

Elements

For defining the genomic organization of the dmyc
gene in twelve sequenced Drosophila species, the bio-
informatics tool DNASTAR Lasergene 9.1 MegAlign
module was used to edit the sequences taken from Fly-
Base. We used the Lasergene 9.1 MegAlign module
with the settings “Multiple Alignment, ClustalW”.*
The dmyc 5" end was searched with the DNASTAR
Lasergene 9.1 GeneQuest module for prediction of
TATA box-Inr elements, the intron 2 region for the
existence of an Inr-downstream core promoter ele-
ment and the 3” end was searched for the prediction of
polyadenylation sequence motifs. The phylogenetic
footprinting tools, EvoPrinter and cis-Decoder*#*
were used to detect E-boxes, bHLH binding sites,
and multiple conserved sequence blocks in the dmyc
region common to most Drosophila species. The neu-
ral network genetic algorithm PROMOTER 2.0 was
used to predict promoter regions using CCAAT or
bHLH recognition motifs.

Results

Developmental expression patterns of
dmyc

dmyc 1s synthesized in a dynamic spatial and tem-
poral pattern during development of Drosophila, as
determined by in situ hybridization and Northern blot
analysis.”* We first sought to compare the pattern of
dmyc promoter activity from our different dmyc dele-
tion constructs generated from upstream, intronic,
and downstream regions, with both the endogenous
pattern of dmyc transcription previously reported and
with the pattern resulting from the dmyc-lacZ enhancer
trap line w3 P{lacW}dm°**/FM7c (Fig. 2A). The
enhancer trap line w%< P{lacW}dm°™>*/FM7c has
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Figure 2. The dmyc-lacZ enhancer trap line wf7°% P{lacW}dm®%***/FMT c reflects the endogenous expression of dmyc mRNA in larval brain and imaginal
tissues. (A) Insertion site of the P-element containing reporter lacZ at the dmyc locus is shown. Breakpoints of the insertion are as follows: 3D2,
X:3267141..3267197, which maps to the region 213 nucleotides upstream of dmyc exon 1 start site. (Bloomington Stock number and donor of the Stock:
11981, Ulrich Schaefer and Herbert Jackle). (B) Third instar larval brain and discs were assayed with 3-gal reaction for lacZ expression. In all the tested
imaginal discs and larval brain, lacZ patterning reflects the pattern reported for dmyc endogenous mRNA distribution (a—c: brain, d—f: wing discs, g-i: eye
discs, j-I: leg discs). Details on dmyc patterning are explained in Discussion section.

Note: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining time is indicated above the scale bar. Scale bar in

(a-l) indicates 50 pm.

been established to give patterns of endogenous dmyc
expression (Figs. 2B and 3) and is known to be respon-
sive to dmyc regulators.®*?44¢ Beta-gal assays for
this dmyc-lacZ enhancer trap line revealed ubiquitous
dmyc promoter activity in the larval brain, with an
increased level of expression in the distal and middle

parts of the lobes and within dividing neuroblasts
in the middle parts of the ventral ganglion (Fig. 2B,
a, b, yellow arrows). Additionally, lacZ activity is
restricted to a limited number of cells distributed in
the two proximal halves of the hemispheres and along
the ventral ganglion (Fig. 2B, c, yellow arrows).
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Figure 3. The dmyc-lacZ enhancer trap line wf7°?® P{lacW}dm®°/FMT7 ¢ produces the endogenous dmyc mRNA pattern during embryogenesis and in adult
ovaries. In the developing embryonic tissues the dmyc-lacZ enhancer trap expresses lacZ with high similarities to dmyc mRNA distribution, predominantly
in midgut, hindgut, pharynx, anal pad and partly in mesodermal tissues. a—I: embryos (embryo stages are as follows: a, b, stage 1-4, c, d, stage 6-8, e,
f, stage 9-12, g-I stage 13-16). The staining in the ovaries (m, n) reflects dmyc mRNA localization, which has been reported in nurse cells, but is weakly

expressed at the tip of germarium.

Note: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining time for ovaries is indicated above the scale bar,
embryo staining took place over-night. Scale bar in (a—n) indicates 50 pm.

The enhancer trap line detected lacZ activity around
the wing pouch and in the notum region (Fig. 2B, d—f),
anterior and posterior to the morphogenetic furrow
in the eye disc and around the center of the antennal
disc (Fig. 2B, g-i) , and in the center of the leg disc
(Fig. 2B, j-1). dMyc antibody staining of the tissues
taken from the above enhancer trap line results in the
same pattern as observed for the endogenous reporter
(L Quinn, personal communication).

Multiple conserved cis-regulatory

sequences within the 40 kb dmyc locus
The occurrence of conserved regions and repeti-
tive sequence motifs in noncoding DNA has been of

great value for the identification and characteriza-
tion of cis-regulatory elements. The phylogenetic
footprinting tools EvoPrinter*® and cis-Decoder*
can be used to identify conserved sequence blocks in
developmental genes. EvoPrinter facilitates the mul-
tialignment and rapid identification of evolutionarily
conserved sequence blocks as they exist in the spe-
cies of interest. The cis-Decoder then characterizes
repeat motifs within the conserved sequence blocks
and detects conserved elements among functionally
related enhancers. It is important to mention that
EvoPrinter and cis-Decoder do not detect polyade-
nylation signals or core promoter elements, such as
TATA boxes.
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To identify cis-regulatory regions for dmyc, a
40-kb fragment on the X chromosome harboring the
dmyc gene of Drosophila melanogaster (Fig. 4A)
was used as the reference DNA to align orthologous
sequences from 12 sequenced Drosophilids to test
for the existence of multispecies-conserved sequence
blocks in the noncoding regions. We identified several
putative enhancer regions with conserved sequences,
including several conserved E-boxes, which are pre-
ferred Myc binding sites**° of both the CACGTG
and CACTTG type (Supplemental Figs. 1 and 2).
Like the c-myc promoter,®! dmyc has previously
been shown to undergo autoregulation.” The identi-
fied E-box sequences may represent the basis for the
previously demonstrated ability of dMyc to undergo
autoregulation.>

Comparison between the sequences from intron
2 identified multiple clusters of conserved sequence
blocks upstream of the predicted intronic promoter
(Supplemental Fig. 2). In addition to two conserved
E-box sequences (CACGTG and CACTTG), we iden-
tified a repeat sequence element (ATGTTGCCA)
where the core TGTTGC is repeated three times (Sup-
plemental Fig. 2). In the large, approximately 10-kb
3’-UTR region, we identified clusters of conserved
sequence blocks, but no E-boxes as was the case for
the intronic region (Supplemental Fig. 2).

Far upstream region determines activity

of dmyc in late embryogenesis
As noted above, we have identified a diverse array
of potential promoter regions and enhancer ele-
ments, which represent sequences that are likely to be
required to achieve the patterning of dmyc transcription
throughout development. To determine which of these
domains participate in the regulation of dmyc expres-
sion, we generated overlapping deletion constructs
spanning the dmyc gene and examined the activity of
each fragment throughout development. The creation
of overlapping deletions was based on the sequence
conservation and the existence of suitable exonuclease
recognition sites in the region. We decided to first test
the 8-kb far upstream fragment (JD, Fig. 4B) for its
ability to self-initiate transcription, as reported for the
far upstream PO promoter in human c-myc.3!54%

No activity was detected in the tissues known to
normally express dmyc, including larval brain and

imaginal tissues (Fig. 4C, a—e), the earlier embryonic
stages (Fig. 4D, f, g), and adult ovaries (Fig. 4E, k, 1).
Reverse transcription polymerase chain reaction on
the discs shown in Figure 4C (c—e), did not detect any
lacZ transcripts beyond background level in these
tissues that were negative for lacZ staining (Fig. 4F,
lanes —RT-e). Activity of the JD-lacZ reporter was
confined to presumptive mesodermal tissues in body
segments and the head regions of embryos during late
development (Fig. 4D, h—j, arrow heads). Previous
studies have reported dmyc activity in putative neuro-
muscular tissues by in situ hybridization experiments
on dmyc endogenous mRNA. However, the enhancer
trap line used as the control in this study shows only
partial expression in these tissues (Fig. 3, k, 1). This
result suggests that the regulatory sequences in this
far upstream region are only sufficient for activation
of dmyc expression during late embryogenesis. Due to
its far upstream position, we have dubbed the remote
cis-regulatory elements in this region “PO (putative)”,
analogous to the human c-myc PO promoter.

Proximal upstream region controls dmyc
expression in larval and adult female

tissues

The two main promoters required for activation of
mammalian c-myc transcription, P1 and P2, are located
in the 5-UTR, where the majority of transcripts are
initiated.’'**® Thus, our first efforts were directed
toward identifying regulatory elements in the dmyc
5’-UTR, capable of activating endogenous patterns of
dmyc gene expression during development. Analysis
of the 7.2-kb region between the dmyc translation unit
and the 3’ end of the JD transgene (Fig. 5A) revealed
that when most of the conserved sequences were
removed by successive distal to proximal deletions
of the J2.1 fragment, a loss of reporter expression
in both the brain and imaginal discs was observed
(Fig. 5B and C). Interestingly, by staining embryonic
and ovarian tissues taken from the largest construct
(J2.1) and the smallest deletion (J7), we identified
a proximal promoter region within the 5’-UTR,
which recapitulated almost all aspects of early
embryonic and ovarian dmyc expression (Fig. 5D).
This observation suggests that the 2-kb 5-UTR and a
further 100 bp upstream of the 5’-UTR region contain
regulatory elements important for embryogenesis and
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Figure 4. Distal upstream regulatory region of dmyc is active in late embryogenesis. (A) 40-kb genomic fragment on the chromosome X of D. mela-
nogaster between nucleotides —3253633 to +3293632, harboring the dmyc locus (nucleotides —3267216 to +3280049), is shown above. The ESTs
(pink color) represent portions of the gene transcripts (not all ESTs indicated). The 5" flanking gene dunce, also annotated as CG32498, is located
~ 33-kb upstream of the examined 40-kb sequences. The 3" flanking gene, CG12535, is located ~ 6.5-kb to the 3°-end of the dmyc gene (nucleotide
+3280049). The restriction sites at the genomic locus used in this study, splice donor sites GT (GU on mRNA) and splice acceptor sites AG (high-
lighted in yellow and orange) are indicated. (B) Locations of the dmyc and the transgene JD (8-kb in size) relative to the 40-kb genomic locus are
shown. (C) Activity of the JD transgene in the brain and imaginal tissues. The fragment was neither active in the brain (a) nor in imaginal discs (b: wing,
c: leg, and d, e: eye discs). (D) JD fragment was not active in early embryos (f, g), however, the fragment recapitulated expression of dmyc in late
embryogenesis (h—j: stage 13—16). (E) The staining in ovaries (k, 1) showed no activity for JD fragment. (F) RT-PCR on JD discs (c, d, e shown in C),
detects no lacZ transcripts beyond background level. Controls used are as follows: —RT: negative control with no transcriptase (brains from Fig. 5B, b);
P: Fig. 5B, b, positive control; N: y[1] w[1118] leg discs, negative control; Actin: Drosophila actin as internal control.

Note: Yellow arrow indicates lacZ expression. Staining time for discs and ovaries were either 10 or 24 hours, as indicated (C, e one representative for 10
hours discs). The embryos were stained over-night. Scale bar in (a—j) indicates 50 um.
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A fragment of 7.159-kb in size (J2.1) (lacking ORF sequences) from the dmyc 5’ region and its deletion restriction fragments were tested for their abil-
ity to drive reporter activity in transgenic flies. Colors of the deletion fragments refer to their expression patterns shown in panels B, C and D. (B) J2.1
transgene (a, c, e, g) and all of its successive deletions up to 2.523-kb in the J6 construct (b, d, f, h) were able to express the reporter in a dmyc manner
in the brain and discs (a, b: brain; ¢, d: wing discs; e, f: eye discs; g, h: leg discs). (C) Further truncation down to 1.923-kb of J7 resulted in a loss of
expression in the brain and discs (i-l). (D) Shown are embryos and ovary taken from transgenic animals carrying J2.1 transgene. J2.1 retained the
expression in the embryos (m—p; embryo stages: m: 2-5; n: 11-12; o, p: 13-16) and ovary (q). Except for 4D o, the smallest construct J7 recapitulated
the dmyc like expression in all the other embryonic stages and in ovary. (E) RT-PCR on J7 discs (k, | shown in C), detects no lacZ transcripts beyond
background level. Controls used are as follows: —RT: negative control with no transcriptase (brains from Fig. 5B, b); P: Fig. 5B, b, positive control; N:
y[1] w[1118] leg discs, negative control; Actin: Drosophila actin as internal control.

Note: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining time for discs and ovaries is indicated, and embryos
were stained over-night. Scale bar in (a—q) indicates 50 pm.
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oogenesis, but insufficient for patterning in the larval
brain or imaginal tissues. It further suggests that
the sequences 5.1-kb upstream of 5’-UTR contain
tissue-specific enhancer regions responsible for the
endogenous pattern of dmyc expression in the brain
and larval imaginal tissues (Fig. 5B).

Full length intron 2 with downstream core
promoter element activated in dmyc

pattern

In most protein-coding genes of Drosophila, there
is a downstream core promoter element that func-
tions cooperatively with an initiator to facilitate the
binding of transcription factors in the absence of a
TATA box.” The high throughput expression data
for the D. melanogaster transcriptome, generated
by tilling arrays, has shown that most of introns
are transcriptionally active within the early hours
of development at specific time points.®® Scanning
of the intron 2 region with cis-Decoder initially
revealed clusters of multiple conserved sequence
blocks common to most Drosophila species.
A search using the Lasergene GeneQuest module
identified a downstream promoter region with no
TATA box, comparable with the Drosophila con-
sensus sequence (Supplemental Fig. 2).

To analyze the intragenic region of dmyc, we
generated transgenic animals carrying the 8-kb intron
2 full length fragment (J8), or the subfragment (J8.2)
lacking the 2-kb distal sequences (Fig. 6A). The J8 and
the J8.2 transgenes both showed dmyc-like expression
in imaginal discs and brain tissues (Fig. 6B, a-h).
During embryogenesis, both transgenes are active in
the early and later stages (Fig. 6B, i—n). However,
only the J8.2 transgenic animals, which lack the 2-kb
upstream sequences, showed strong patterning of dmyc
in mesodermal tissues (Fig. 6B, o, p). This suggests
that the upstream sequences might contain elements
that influence dmyc expression in presumptive
mesodermal tissues. Unlike the difference observed
in embryonic activity, the expression of LacZ in
ovarian tissues remains unchanged for both transgenes
(Fig. 6B, q). The reversed full length intron 2 fragment
fused with its 5" end to the 5" end of the reporter gene
(subfragment J8.1 in Supplemental Fig. 3A), causes
the abolition of reporter activity in virtually all tested
tissues (Supplemental Fig. 3B, a—g). This observation

suggests that the core promoter element only functions
unidirectionally. The experimental identification
of binding sites for transcriptional regulators in this
region remains unresolved.

Analysis of 3" dmyc sequences reveals
multiple poly (A) sites

In addition to understanding transcriptional activation
of dmyc, we are interested in deciphering the
mechanism of transcript termination. In animal cells,
there is a hexanucleotide-sequence of AAUAAA
(occasionally AUUAAA) that is located 10-35
nucleotides upstream of the polyadenylation signal.®'-%2
In addition, there is a U/GU-rich region (cleavage
stimulation factor binding site) 14-70 nucleotides
downstream of the polyadenylation signal.®® We
searched for polyadenylation signals in the dmyc 3’
end comparable with the consensus sequence using
the Lasergene GeneQuest module with a threshold of
100% (no errors allowed). The threshold for the T-rich
region was set at 80%. Analysis with the AATAAA
sequence identified two potential polyadenylation
signals, highly similar to the polyadenylation
consensus sequence found in animal cells.®' The first
A at the 5" end of the polyadenylation signal, poly
(A)1, corresponds to nucleotide +3761 downstream
of the 3’-UTR and the first A at the 5" end of poly
(A)3 corresponds to nucleotide +5952 relative to the
3’-UTR. A search for ATTAAA sequences on the DNA
sense strand detected poly (A)2, with a high degree of
homology to the consensus sequence. The first A at the
5" end corresponds to nucleotide +5245 downstream
of the 3’-UTR. In order from proximal to distal relative
to the transcription start, we named them poly (A)1,
poly (A)2, and poly (A)3 (Fig. 7A). To test the detected
polyadenylation signals separately, we performed
successive deletions from distal towards proximal on
the 10.3-kb full length construct (J1, Fig. 7A). The
activity of each transgene was invariably high in all
the examined tissues (Fig. 7B and C), suggesting that
more than the three predicted polyadenylation signals
are involved in the formation of the 3" end of the dmyc
gene. This finding is consistent with the observation
that most developmentally active genes use more
than one poly (A) signal to terminate transcription.*
Direct determination of the efficiency of utilization
of polyadenylation signals on the 3’ end of dmyc
transcripts remains to be resolved.
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Figure 6. Analysis of the dmyc intron 2 identifies a downstream core promoter element, DPE. (A) The 8-kb intron 2 full length sequence in the J8 transgene
and its truncation, J8.2 (6.1-kb) and their relative location with respect to the dmyc locus and the genomic organization are shown. (B) The full fragment
J8 and its derived sub-fragment were assayed in different tissues during early developmental stages. Both transgenes (J8: a, c, e, g; J8.2: b, d, f, h) were
capable of reflecting dmyc expression in the brain (a, b) and discs (c, d: wing; e, f: eye; g, h: leg). The transgenes J8 and J8.2 both express /acZ in the
early and late embryogenesis (i—n) (embryo stages: i, j: 2-6; k—n: 9-13). However, only the shorter transgene J8.2 shows expression in mesodermal tis-
sues (o, p; embryo stages: 12—15). In the ovary (q) both transgenes are active.

Note: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining time for discs and ovary is indicated, and embryos

were stained over-night. Scale bar in (a—q) indicates 50 um.

Effect of Upstream Promoter Region on
Downstream Core Promoter Element

It has been shown that parameters such as stoichiometry,
affinity, spacing, and arrangement of binding sites
within the cis-regulatory regions influence the output
of the transcriptional regulatory sequences.® For
example, depending on the total number of binding

sites for a certain regulator in the same promoter
region, stage-specific and tissue-specific expression
patterns can be achieved for the same gene during
development.®

Here we have shown that truncations of conserved
sequence blocks and putative regulatory protein bind-
ing sites at the dmyc proximal 5" promoter resulted
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Figure 7. Analysis of the dmyc 3" region reveals multiple functional polyadenylation sites. (A) The dmyc gene and its location in the genomic region, the
10.3-kb full length construct (J1) and different deletions are shown. In the J1 fragment three potential Poly (A) signals with a high degree of homology to
the consensus polyadenylation signal were detected computationally. The transgenes J1, J1.1 and J1.3 are under the control of the full length 5°-promoter
(see also Fig. 5 part A). The constructs J1.4 and J1.5 contain the promoter of J5 in Figure 5. J1.1 only contain Poly (A)1, J1.3 does not include the predicted
Poly (A) sites, J1.4 contains Poly (A)2 and J1.5 contains Poly (A)3. (B) All the constructs J1-J1.5 are capable of mediating regulated expression of the
reporter in @ manner similar to dmyc expression in the third instar larval brain (a, b) and discs (c, d: wing; e, f: eye; g, h: leg). (C) All the transgenes are
active during different stages of embryogenesis (i—n; embryo stages: i: 2-5; j-I: 9-11; m, n: 12-15) and in ovaries (o, p).

Notes: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining times for discs and ovaries are indicated above the
scale bar, and embryos were stained over-night. Scale bar in (a—p) indicates 50 um.

in a loss of expression in larval brain and different
imaginal discs (Fig. 5C). Conversely, removal of
upstream sequences in the intron 2 region intensified
expression in embryonic mesodermal tissues
(Fig. 6B, o, p).

We tested the effect of the combination of
these two regulatory regions on reporter activity.

Fusion of the fully functional 5 deletion (J5) inframe
to the full length intron 2 transgene (J8) to gener-
ate the fusion promoter (J9, Fig. 8A), had no effect
on the activity of the reporter in the tested tissues
(Fig. 8B). However, the reversed (J5) transgene,
fused with its 5" end to the 5 end of the (J8) fragment
(Supplemental Fig. 4A), caused partial attenuation
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Figure 8. J9 fusion construct (5' J5 promoter fused to the intronic J8 promoter) has no effect on reporter expression. (A) The ~ 3.8-kb J5 promoter, the
8-kb intron 2 in J8 and their fusion product J9 are shown in respect of their relative location to the dmyc. (B) The ~ 11.1-kb chimeric restriction fragment
J9 did not show any alteration in the expression of the lacZ reporter in larval tissues (a, b: brain; ¢, d: wing discs; e, f: eye discs; g, h: leg discs), embryos

(i-n; embryo stages: i: 1-4; j-I: 9-11; m, n: 12—15) or ovaries (o, p).

Notes: Yellow arrow indicates lacZ expression and white arrow indicates lack of lacZ activity. Staining times for discs and ovaries are indicated above the
scale bar, and embryos were stained over-night. Scale bar in (a—p) indicates 50 um.

of dmyc embryonic activity (Supplemental Fig. 4B).
The mode of action of enhancer elements respon-
sible for embryonic development was dependent on
the spacing and arrangement of binding sites, with
the activity in imaginal tissues and ovaries remaining
unaffected.

Discussion

The dynamic expression of dmyc is initiated from
multiple transcription start sites, as summarized in
Figures 9 and 10. Tight regulation of dMyc is crucial
for cell growth and division during the early phases of
development and cell fate specification. In third instar
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A Analysis of the 40 kb dmyc locus
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Figure 9. Summary of the computational analyses of the dmyc locus and reporter activity studies in the tested tissues. (A) Top: The 40-kb dmyc locus was
scanned with EvoPrinter and cis-Decoder to detect multiple conserved sequence blocks (CSB) and E-boxes within the noncoding DNA sequences. The
neural network genetic algorithm PROMOTER 2.0 predicted three potential promoter regions, PO (putative), P1 and P2. The scanning with Lasergene mod-
ule GeneQuest detected three potential polyadenylation signals (Poly(A)1, Poly(A)2, Poly(A)3). Bottom: Deletion constructs derived from the 40-kb locus
and their names are given. (B) The table shows the summary of the activity of lacZ reporter constructs in the tested tissues (For details see Fig. 4—Fig. 8).

larvae, dmyc mRNA is detected around the wing
pouch and in the notum.®® dmyc activity is absent from
the cell cycle-arrested nonproliferating cells that sur-
round the dorsoventral boundary in the wing pouch.®
In the eye disc, dmyc is synthesized in the proliferat-
ing cells posterior and anterior to the morphogenetic

furrow, but not in the cell cycle-delayed cells of the
morphogenetic furrow.”** In antennal discs, dmyc
mRNA is mainly detected in the central ring of pro-
liferating cells.” In the leg disc, endogenous dmyc is
expressed around the middle of the disc, with the cen-
tral cells lacking dmyc activity.*® Maternal transcripts
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A Structure of the human c-myc gene
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Figure 10. During development, the activity of the dmyc regulatory region is integrated by multiple transcription start sites. (A) Human c-myc gene contains
three exons (white boxes indicate noncoding regions, the green boxes represent coding regions), four promoters (PO, P1, P2, P3), two major translation
start sites (CTG, ATG) and two polyadenylation signals (Poly(A)1, Poly(A)2). (B) Drosophila myc gene contains three exons (white boxes noncoding, the
green boxes coding regions), two main promoters (P1, P2), one putative promoter (P0), two major translation start sites (ATG, ATG) and three potential
polyadenylation signals (Poly(A)1, Poly(A)2, Poly(A)3). The specified regulatory elements are plotted on the basis of our experimental data (see Results
section) and the computational analyses of the dmyc locus. The sequences of the major elements for the promoters P1 and P2, shown at the bottom, were

identified by search with Lasergene GeneQuest module.

are detected in the nurse cell cytoplasm of the adult
ovary, and are subsequently dumped into the oocyte,
and can be detected in early embryos.” Zygotically
derived transcripts can be detected during preblasto-
derm, with the highest level of dmyc mRNA in the
anterior and posterior termini. At later stages, dmyc
mRNA can be detected in the presumptive meso-
derm along the ventral midline. During germ band
extension, dmyc expression intensifies in the meso-
derm and endoreplicating cells of the midgut, where
expression continues until mid-embryogenesis.” The
majority of developmental genes achieve patterning
via large noncoding regulatory regions containing
numerous cis-regulatory elements and other diverse
regulatory sequences.®’*® Thus, we set out to deter-
mine whether the pattern of dmyc expression might
be similarly regulated. First, using computational
comparative searches of the 40-kb region spanning

the dmyc gene, we detected multiple conserved
sequence blocks. Our subsequent analysis of the dmyc-
lacZ reporter constructs, containing all of the con-
served sequence blocks, suggested that they were
transcriptionally active and generated similar patterns
of reporter activity as that described for the endog-
enous dmyc-lacZ enhancer trap.6-394546

Dissection of the dmyc promoter using constructs
spanning defined domains of the dmyc gene revealed
the regions likely required for tissue-specific patterning
of dmyc transcription. For instance, the lacZ reporter
for the far upstream 8-kb fragment produced an expres-
sion pattern restricted to late embryogenesis in body
segments and in presumptive neuromuscular tissues
(Fig. 4D). In silico analysis revealed possible regulatory
motifs in this region, including core promoter elements
and conserved sequence blocks. Regulation by these
cis elements may be required during embryogenesis,
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where dMyc is required to specify neuronal fate and
facilitate neuroblast proliferation®® and in control of
mesodermal fate determination.” In light of this find-
ing, further analysis of dmyc transcriptional regulation
in this region in response to developmental signals
will be of great interest.

Analysis of the 5" dmyc-lacZ deletion construct,
containing intron 1, the 5"-UTR, and 100 bp upstream
of the predicted transcription start site (J7), revealed
that this minimal region was sufficient to give
reporter activity in a dmyc-like pattern in both ovar-
ian nurse cells and in the embryo, but not in larval
tissues (Fig. 5C and D). Therefore, we inspected the
region extending from nucleotide 100 upstream of
the 5’-UTR to nucleotide +187 for initiator consensus
sequences. In most mammalian protein-coding genes,
there is a TATA box located 25-30 bp upstream of
the transcription start site, an initiator element (Inr)
overlapping the start site,”"™* and/or a GC-box (SP1
binding site) 60—100 nucleotides upstream of the
transcription start site.””’” Experiments with verte-
brate cell lines and Drosophila embryonic extracts
have revealed strict conservation of the Inr consensus
sequence, Py Py A N T/A Py Py among vertebrates
and invertebrates.”’®

Analysis of J7 (the region 1914 bp upstream of
the predicted translation start site) and the expressed
sequence tag (ESTGMO01143; beginning at 1812 bp
upstream of the translation start) revealed that the
102 bp sequence between the 5" end of the expressed
sequence tag and the 5 end of the J7 genomic
sequence contains a perfect Inr consensus sequence,
a TATA box and a GC box (Fig. 10B). We named
it the GC box/TATA box/Inr promoter 1 (P1, Fig.
10B). The TATA box is located 39 bp upstream of
A in the initiator element. Previous reports have
shown that occurrence of a TATA box 25-30 bp
upstream of the Inr in the same core promoter leads
to cooperation between the two elements to enhance
promoter strength.”® Although the distance of 39 bp
in the dmyc promoter is on the edge of this optimum,
cooperation between the TATA box and the Inr
element has been shown to extend up to 90 bp in yeast
promoters (W Schaffner, personal communication).
Together, this suggests that the predicted regulatory
elements (TATA box, Inr, and GC box) correspond to
the cis-regulatory elements that may be responsible
for correct developmental dmyc expression in larval

tissue, the embryo, and the ovary. In addition to the
TATA box, Inr, and GC box, two putative TATA boxes
(TATA2, TATA3), two GC boxes (GC2, GC3), and
two Inr elements (Inr2, Inr3), as shown in Figure 10B,
were identified 180 bp downstream of the expressed
sequence tag start site. The putative Inr2 element
shows one deviation from the Inr consensus sequence
at position +4, but the critical positions for Inr
activity are +1 and +3, and single bp substitutions at
the -2, —1, +4, and +5 positions can still produce an
active Inr,” suggesting the second Inr element might
be functional. The putative Inr3 element shows no
deviation from the Inr consensus sequence, suggesting
that Inr3 might be as functional as Inrl. TATA box 2
is located 57 bp upstream of A | in the Inr2 element
and TATA box 3 is located 55 bp upstream of A | in
the Inr 3 element, both distances less than 90 bp in
yeast promoters.

Most developmentally expressed genes contain
separable cis regulatory units, which allow patterned
expression for tissue-specific roles.®** Indeed,
previous work has suggested that both Drosophila®
and mammalian®' myc transcription is also regulated
via intronic promoter sequences. In support of these
findings, we demonstrated that the J§ transgene,
which contains just the intron 2 sequence of the dmyc
gene, results in /acZ reporter activity in all tissues
examined (Fig. 6B). Thus we searched for Inr and
downstream promoter elements, a sequence motif
common to all Drosophila downstream promoters in
this region. Most protein-coding genes of Drosophila
contain a downstream core promoter element that
functions cooperatively with an initiator to facilitate
the binding of transcription factors in the absence of a
TATA box.*#! A search for consensus Drosophila Inr
(T-C-A_-G/T-T-T/C) and downstream core promoter
elements (G-A/T-C-G) using DNASTAR Lasergene
9.1, GeneQuest module, revealed the presence of
downstream promoter sequence motifs comparable
with the Drosophila consensus Inr/downstream core
promoter element.”® Sequence motifs were typed in
GeneQuest “type in pattern function” and searched
for with a threshold of 100% (no errors allowed). The
Inr and downstream promoter element motifs at the
3’ end of the intron 2 DNA sequence (Fig. 10B) met
all the strict criteria for such elements, in that the Inr
sequence motif (T-C-A_-T-T-C) does not deviate from
the consensus, the downstream core promoter element
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(G-G-T-C-Q@) is identical to the core consensus, the
spacing between the downstream core promoter
element and the Inr (34 nucleotides) is appropriate,
and a G nucleotide is correctly positioned between
the Inr and the downstream core promoter element
(Fig. 10B).

Post-transcriptional 3" end formation or polyadeny-
lation of the mRNA precursor is a crucial step in mRNA
maturation, in which most eukaryotic mRNAs acquire
apoly (A) tail at their 3" ends to promote transcription
termination,® transport of the mature mRNA from the
nucleus,® and to enhance the translation and stabil-
ity of mRNA.® Analysis of the entire dmyc 3’-UTR
for polyadenylation signals and polyadenylation sites
revealed three potential consensus sequences, i.€., poly
(A)1, poly (A)2, and poly (A)3, which are all capable
of terminating transgene transcription. In addition,
the 4.362-kb DNA sequence upstream of poly (A)l
at the dmyc 3’ end leads to reporter activity in the pat-
tern predicted for dmyc expression. Therefore, the
dmyc gene would be predicted to produce different
transcripts with shorter and longer lengths, consistent
with the previous analysis of dmyc mRNA in which
genomic probes derived from this region revealed
three alternative transcripts.” Comparative analysis of
the 3’ end of dmyc across 12 sequenced Drosophila
species revealed multiple conserved sequence blocks
in this region. Given that c-myc is regulated at the
level of mRNA stability®** via conserved sequences
in its 3’-UTR.,* it will be of interest in the future to
determine whether the stability of dmyc transcripts
depends upon the presence of regulatory domains in
its 3’-UTR. The conserved sequence blocks may con-
tain potential microRNA target sites to serve for post-
transcriptional modifications, as is the case for the
majority of developmental control genes.**” Indeed,
dMyc has an active role in microRNA biology,?:*
although regulation of c-myc by microRNAs has
been reported,* ** the evidence for direct regulation
of dmyc requires investigation. This work provides a
starting point for investigating the putative microRNA
binding sites and the mechanisms for the interactions
between these motifs and their targets.

Because c-Myc is a potent mitogen, the level of
c-myc transcription must be tightly regulated. Myc
transcription responds to developmental signaling
molecules,****** which are likely to modulate the
complement of a wide variety of transcription factors

at the myc promoter.”>*® The evidence presented in
this work reinforces the idea that dmyc represents
a tightly and dynamically regulated gene. Further
genetic studies combined with genomic approaches
will be required to identify the molecular mechanism
controlling dmyc transcription via the regulatory ele-
ments identified here.
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Supplementary Materials

Table S1. Analytical primer pairs.

No. Name Primer sequence (5’ — 3’) bp Usage
1 PX1 ACG GTT GGC ATT GTT GAC TC 20 BAC clone RP98-
2  PN1 AAT TCG TTT TCC ATA GATA 19 2A13 sequencing primers
3  BAC-F CTT CGC GTC CAA CAG ATG 18  pC-RP27 sequencing
4 BAC-R GCG CCAAAG CAA GAG GGAATG 21 primers
5 pZpA-F CCAAAAAAG GGT TTC ATT AAC TTG TAC ACA TAC 33  Sequence pLacZ-SV40
6 pZpA-R TTG GGG ATT TTAATA GCG GGC CCT GTG TGT 30  polyA
7 SV40 GTT CAG GGG GAG GTG TGG G 19  SV40 P(A) sequencing
primer
8 pZR CGG GCC TCT TCG CTATTACG 20  pJ8reverse sequencing
primer
9 pcaF GAC GGC GATATT TCT GTG GAC 21  pCaSpeR4 sequencing
10  pcaR CCT TAG CAT GTC CGT GGG GTT TGA 24 primers
11 PolyAO-F  CCC CCT TGC TAT AAC CCG TAT AT 23 PCR-pJ1.3
12 PolyAO-R  AAA CGG TTT CTA TAT ATAGGCCTG 31
TGTGTGT Stul
13 pA2-F-04 TTT GCT GCC ACT TCT GTGGATCCT CAT 32 PCR-pJ1.4
ACATT BamHI
14  pA2-R-05 GGTTTTAGC GGC TTT GAT CGG TCTAGA AAT AATATT TT 38
Xbal
15  pA3-F AAG GGG AAA CTG ATT GGATCC AAAAAG CAC A 31 PCR-pJ1.5
BamHlI
16 pA3-R CGC CTC GCT TTC ATA CAATCTAGATAATGT TC 32
Xbal
17 dm5E2F GCG CCAAAG CAA GAG GGAATG AAC 24 PCR-pJ2.1
18 dm5E2R  CGG GAG AG GGTACC TGC GAT TATGTTGTC T 43
GGG TTTTTT TTT C ACC651
19  In2-5F GAC CCC CTGCGGCCGCGG TGAGTC AAATTTATATACTTTT 40 PCR-In2.5
Notl
20 In2-5R CCC CGT CGCGGCCGC TCACGTAAG CTTTTATAC TAAT 37
Notl
21 In2-3F GCAACA GGTACC GGC TTG TGT GCATTT TATTT 32 PCR-1In2.3
Accb65l
22 In2-3R TCG ATT GGTACC TCT GCA CAG CGA TAG TAAAAA AA 35
Accb65l
23  P9-F2 TGT AGGGCCCCAAAG CAA GAG GGAATG AAC AA 32 PCRpJ9
PspOMI
24  P9-R2 TTG TGT GTGCGGCCGCTG CGATTATGT TGT CT 32
Notl
25 P1-3-F GTT GGA CGA CGC GAA GAT GAAAGA GAA 27  pJd1.3 sequencing primer
26 P9-R TTG TGT GTG AGG GCC CTG CGATTATGT TGT CT 32 pJ9 sequencing primer
27 pJ8.1-F TGA GCG CGC GTGGGCCCA CTC ACT ATA 27 PCRpJ8.1
PspOMI
28 pJ8.1-R CATGTACAT GGCGGCCGC TCAAGA CAC C 28
BsrGl Notl
29 CDS3-F TTACTATCG CGG TCTAGA TGA GGAAAT CG 29  PCR dmyc CDS3
Xbal
(Continued)
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Table S1. (Continued)

No. Name Primer sequence (5’ — 3’) bp Usage
30 CDS3-R TAA GCC GGGCCC ATG AGA CAA CAC TAT 27

PspOMI
31 CDS5-F ACAACATGGTACCAATGG CCC TTTACC GCT CTG 33 PCR dmyc CDS5

Acc65l
32 CDS5-R TAAATTCTAGAC ACC GGAATC TGA GGG GGT CTC CA 35
Xbal

33 ACT-FO1 CGC TCCCCGTGCTGTCTT CC 20 JD, J7 discs RT-PCR:
34 ACT-RO1 GCG GTG GCCATCTCCTGCTC 20 detection of actin

transcripts as
internal control

35 lacZ-pcrF TGG TTATGC CGATCG CGT CACACTAC 26 JD, J7: RT-PCR on discs
36 lacZ-pcrR CGG ATAAAC GGAACT GGAAAAACT GC 26  for detection of lacZ
transcripts

Notes: The oligonucleotides were designed with Bioinformatics tool Laser Gene 9.1 module Primer Select and synthesized at Microsynth AG, Switzerland.
As indicated the primer sets were used for sequencing and amplification of dmyc noncoding regions as well as for sequencing of cloning vectors and
injection plasmids. Orientation of the indicated primer sequences is 5" — 3. Length of primers is in base pair (bp).

Abbreviations: bp, base pair; CDS, coding sequence; RT, reverse transcriptase; PCR, polymerase chain reaction.

Table S2. List of the Fly Stocks used in the study.

No. Bloomington Name Genotype with FlyBase links
stock #
1 6598 yw y' wite
2 23648 attp-86F P{hsp70-flp}1, y' w’; M{3xP3-RFP.attP}ZH-86Fb; M{vas-int.B}ZH-102D
3 24480 attp-2A y' M{3xP3-RFP.attP}ZH-2A w’; M{vas-int.Dm}ZH-102D
4 24482 attp-51C y' M{vas-int.Dm}ZH-2A w"; M{3xP3-RFP.attP"}ZH-51C
5 24485 attp-68E y' M{vas-int. Dm}ZH-2A w"; M{3xP3-RFP.attP"}ZH-68E
6 24871 attp-VK00033 y' M{vas-int.Dm}ZH-2A w’; PBac{y*-attP-3B}VK00033
7 24872 attp-VK00037 y' M{vas-int.Dm}ZH-2A w’; PBac{y*-attP-3B}haf'k00037
8 2376 Oregon Oregon-R-P2
9 2475 double balancer w’; T(2;3)ap*@, ap*¥/CyO; TM3, Sb’
10 11108 blue balancer Cyo, P{IArB}A66.2F2/b" Adh™ cn" [(2)"; ry®®
11 8412 dpp-lacZ y' w8, P{dpp-lacZ.Exel.2}3

Notes: The attp-lines, 86F, 2A, VK00033 and VK000037 show strong activity of the reporter lacZ. The expression of transgene in the attp-strains 51C
and 68E is weak. For random P-element mediated transgenesis embryos were taken from the y w (6598) flies. Oregon flies were used for dmyc in situ
hybridization in different imaginal tissues. The fly stock “blue balancer” that expresses lacZ in embryos and ovaries, was used as a source for positive
control in the embryos and ovaries staining. The dpp-lacZ line was used as positive control for the imaginal discs staining.
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ChrX:3,253,853-3,261,899

ATGTC-CCOAATAAATA TTTT

TCAAAAATAGTTTATGTACGAATTTTTGATTTGATGCCAAA

ccaat

ACATACATTTA! TATTTCATGCTAATT TTATCTTTGACATT

ccaat
AAATT! _CCA ACaTGGAAACAAGTTC CTCTGAATTATGTATAAGCA
A- 0@ vIeCGTAG GTCAACGA TAAGGTGACAT
TTCCTGC
AGCGAAATTCAATT! | TCAC
T_TGCACTTGAAA AAAA T-AATT GTTC!C2AGAA AATT
GAJ A GGAATGTCTGACT T-CACGCGCCAA

ttcttagtaaacttagt
tttaaagtgcaatgaatgcaataatacatcttgtaccatctcactttcgaattatattcgatacgatcctctctaatcaaattaggcaattggctacaatetttttttttttttgt

AAAAC AGGTTCAGGGTCA CGATGTAATATTTTAATTTAT T TTCTTTCTTT cc AcaT T TTTgaTT
TTTTTGTTTTGCT TT « ATTCGTAA TtCT
ttaaagaagttagtatctaaacaaataaatcattgcatatattaggtaacaagtgcaatgacttaatgtattacacaaacattaaggacttattcaaataaa
aatatggaataaaaaaaatttatacaatttttgtgatttt

A G  CATTAATCTTTCGCC C  ATT CcC
‘TcCCTT GGC TTT TT TCCAATTTGCTTAATTAACTTCTAAACGTCG CTTTTTTT
G AAA'T CAGTTT TG
G
CTTGA " TGATAA TAT AT

ggtcgccagcgctaaaggtcatgectecttggecgatcagaaagagacggcagaacggcgaaagaaagagacgcccag

GCLOGATTTT GTGCGTGTGTTTAACGA TTTCCC GATAACCTCAAGTGC-ACATTGACGAGACG

Figure S1. EvoDifference analysis of the distal 8-kb upper strand of the 40-kb D. melanogaster dmyc locus detects conserved sequence blocks. Each
block of uppercase bases represents a cluster of conserved sequences. Black capital letter bases are conserved in all or in all but one species including
D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. willistoni or D. virilis. There is one E-Box, conserved in all species except D. virilis
(white text with black highlight). The neural network genetic algorithm PROMOTER 2.0 predicts three possible promoter regions using ccaat or bHLH
recognition motifs (lower case black letters). The yellow highlighted sequence includes a highly likely promoter region (dubbed as PO putative). Sequence
orientation is 5" — 3'.
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ChrX:3,263,512-3,263,983

agtgtttcggcaacatttgagtttgct
tttgcattgttttgatttttttcaatc
COLGTGTGTGTGAG  Jcaactgbaca
atcttatgtctgtcttcacacttacatt

ChrX:3,264,456-3,264,691

atgacatgaatccatccatacaatcaaaatacctgtaaaactttccttattgecgtattataataaaagtacctacaattcgaaataacacttaaagagagggtgtyg
cttagatttgaacg tttttacogtttbttigtagtansaataccaatacatgggtaacgtgaaaaaaaa AAGAAGE CcgaAGATA CACATL O TTGCAA- ~G-AA

ChrX:3,265,046-3,265,281

tcccataactgccggtttattcgatttactgccaatgcattgecattttt
CCUTTATTTACGE Qe TTTT = CLCoC

ChrX:3,265,636-3,265,753

ctcGTTGCgAAATCAAAACAAAgCgtgtgaaagagagggcagatgcacgecgccaaaagegectatgttgtgcactaaaagttgtggaaatgaaaatcaaagcgaaacgtaacaaaatcg

ChrX:3,266,226-3,266,579

tggct ctbttgtttctaccatgoggoctaactitictattatigitaaatgaat tectgcaTTGTTTACAAAGTTCAC -~ - GTTCAATCAACTTGACAAA U aaaTGAAGTTGC
gtggcagacaaagaggtgacaaaggcacacacgcacatadaaaaaagtacggtaaatgcatgcatagataaaggaaagggca naggaaatacgaaagaaatgtaaggcgccaaagce
aagagggaatgaacaacttctcgcaacttctacgcaaaaaggaatagagcttaaaataaatcgatttaaaaataggaaacatttatgcggcaatgaagaatcccaaataatgeccacag

Cth'3 269 878-3 270 827

. t tcgecgtgttcagttcaccgegggtaattcagagaatcecgetttgt tggatttttgcctgttttcecgeccgata
dtctdddtdgtt(tgtcgtadddg ~tgaagcaacacgttttaaaatatacaactactactaacaactgtcacagccaagttacaaaagtgctaaatc
ccagaaataacctaagagccgacttaaaaccgcgcaaatacataaaaaaaaatcttctccaaagcagaaacaaaaacttgtgaaaaactagaattaaaaaaagattttttaaaaaaaat
cagctagtgcaaaataaacgggaagaatttttttttgtgteccctttttttggtgttttttectecegtetttececttetttgacgcaaaaaaaaaagtgecccaacttgetggeggecacgg
gaacgggatagaaatagatatagccgaaagcgactggaaagcaaaggaagctaactaaattggattacaatcaattaaatagagacggatacggaaactatgttcagegag.. . ga
achaLaachaaA'LLgCLL'L ataacatt LU(LU&QCCCLCO&C&'CUFCL( nLcaL'aLaggLgaaatchgcacagLaoaachgacLLaatacaa'aaLaaLaLL gndgt
ttagttactc
ACCATTT

cgttctgtgatacactgtatatgaggcttttget
Gaat tTGTTGTGTGA CaTGTGA Lol gtatyg
tttcgt qacgaagLU L‘I".I'.‘GT‘I‘ TTTTGchGTTTchCchLL(La tcaccttccaac
atgcaaaacggcaaaaaaaatc agcgaagataaagacgaagaagacaacgaaataatttgtaa

atttttegtege
tagtgcgcaat

cggccaattttttgaaagce
tgcacactttccatttacccgcgaaacaaaaaaaaagt

gcaaattcttgacaaactagatatggaaactcggcagccacttgctg
\gacaatagtttAaTACtat tACAASAACAGCcagcacacygcaaaca

gc

atgccc ttttcatcaatattggaagcttaaagtccgaa
cattaaaatttagtttacgcctgagtc ~gt
tcatccatccttt g(gLoLLgcQCATTCAACTAGTGTTCgcACTTC :TTTLgTGTGGGL(
tUqFuqAAAACGCCTACGTCAACAGCAAACGTAGTAAJcrtqttacgtfgcacaaaaaaa<J
ytggttttccatttcccccattgatttttgtgetttt jcgatgtgett

é “gcacaagta
aaaacaataaaaaagagaagaaaaaacccgcccacgcgac

ChrX:3,272,691-3,274,460
Cggcggttggcaacaacgcacgaaattcggcacatagataaggttcacgggggagtgagcgagagactagaggccacatgectatgatgttggegectcectataaaagtgegtacacac
acacacacacatacatgactggctgtgtacgtataatatgtatatgtatttacct gca@GTGCU L gCTGU TTTTTGUCATTTCGCACCTT ¢

qP qtcfahcat(qc(aav >gg
ggcgtctgtce

a
AAACgLangccaagtcaLgL;gchaaaacaaLaLLLchaLLL'qC LcLchxLLLacaﬁL tcgatct CagCaOCL(’L(quCCL(L(LLgLOgC(
gaaagtatagagacatgtaaacaac 7ratqaacaaqrad’
agaacataaatagttgtcgattgttggcaa ~a t aatgggccgtatgtt “tt t
tttgtcaaattttttcgtacacatttcggcagtttcctt Y cgtccttat CLLLcLuxaLagcgﬁaquL(LL‘*Lgato‘argaat tgcgtcg
tquTGThqchTaTTGTrc TTATTCGC. TAGCAATAAArthrtTGCTCAAGGTCGCAAUAGCOchACGV ggcgttataaaaaaaaaaaaccaaaagcccataaaga
gcaaagc CCTCTCUCLCTc o CACH g jCLTCTTAACAAACGAGCCTCCCTTT Goo ot tc CAGAGATTTCC
acacatgtacgtctgtatgtacaa aLgcchaGACgCATTTT(ATAATTTATGTO( cagtc
ttacattagggatgttgtgtc atcgtcgtgttcgatgtgtcgcattgecgacgtac ttatt
“tcg o S gocttaact TGATGACTCACATCCT ot ccTCCGAT
GATGAAATLcccac;GACLACGTCACAAAAaaggaaagqccgagaaauLcuaatggacgggggcQaagaaaaaaaaLa;aLaLaaLaLLaaaggaaqaaaaagtc aagaaat qCGCG
TGGGAAAA ' ¢ L CLACAC _GCAGCGGAAGCA - TGTTT " cCcycaaTTGTTTAT ~Co gcggtggctaatg atatgataaatatttt aanqttcaacaaaaqt
ctttgatcagataagcagatgcttattattatttc tacagtttaaattgcctt

‘aga'qLquca”(ctrua
aaccttcttctaatatc aa‘atdqf

ChrX:3,275,523-3,277,528
ttgtatatttcgcattttttataattccctcttttaaggtctactectttggtctgtcectgtececgecatcatectcaccgtacccececgttectatggtaattttatagggcaaaagge
acacacatgcatacttgtgtgtggtgtatactcgtatataTATATATATAttgcctatcgtgtacgtagaatgcagggacaggaaaaacccagcccaccgcccteccect
ttttc:caGCA@aMAGTTGCGCMCaTG‘I‘GqcchcTTqTGTGCAtTTTATTTGMTMTCMCQQCAGCTTCCTC:tcqqaatthataccc:a jctaaagggttgactcgaat
tcttttgaagaggtgatgtgatgtgatgatatggactattaaatcgatttatcgatgacacttttagttagtaaactgaaacgcacaatcttatcttctgeac g
gotgaggggtatccaatagtogigiicgaatctctigcacgctactictactcticggotlttbget tLat PTgTygaCGATTTGATCTTGGC ot L cGCTTAGCAACAAAAGTTGC  GCT
GICGTCGCuaataaataatacaaaaaatacaagtigetitgittiggtctgtictgotbcttcttbttctictactactactactcggt tLcTTGLaTTTTA Lgcag L AAACUaGTTTG
TCtGETTTtttattcgaattcggtgagagagagagagagagatagggagagaggagagatatattatacgatggtagectaacagcagcagcatceccgatttgtgecgagecggaataaccyg
ttagtaaaactatggcaaaagcttgcggcacaaccccagtttttatttttattgttgttattataaccgagagagcagegectcaattgaatgcacttttgacggggeca gatgca
gatgcagatgcaatttgatgatagtaaacaagtgcgggaagtttgcactttttgttattcccttgtttcttgTTTTTTTTETTTTTTTTTTEttttatcattcattcattgtetateg
aaagcgcggtggtgggcttggtegoat o ctggdaattcccc:ttcgdtdttaddatdgcgctcttcgctGGAAATCTCgcttgaTta,ctTTGCATdttdattg tttta
agcoaaagacuagagLngLL;LL;LLLgLL;aca“' catactagaatttaagcctgacaaaattcgtcaaatccacttgctgcatatttatttattcgatactacaattte
atttatacgcgtataatattaa gatttcc tcctgtggcattceccgcagtttgetgtectectgegettttttttttatttattttttaatccgTAAAAT
JGCCGtLgdeddﬂdg(LtoLdttLLdagdt ttqtpgdg<ggdgddacLtngtgGGTCTGtTGgTTGTCTAGCCAddgt aaacgatgacgttggcaaaaaaaaaagaagaaaaaa
aaccagtcaagaacttgcgcttgtggctecttegtttettectegtttggeccggteggttgattectecctgaaagaatctgactcatgeccactcaggcaTMTCTtCTGCAGGTTTCGAT
TTCGTTgcggttacttaccatcagttgggttttattcaatgtttattttttgccagtctcccatgcacatgcacttgatcttgcaacttgcaacttgttgectcttgtcagectcageag
agtc gcaacgtctgcc cctgcgtcectctcattecgecatttaccttgttgeccaagegcagaataaageccatttett ItttgcTTGCAMCctgtt tacta
aacaaatgaaatgtttaaacagttgacttgaattcaaagcgctaaaaatttgattcatttgaaggccacaattttaggcgataaaataaaacacaataatgcataaaacaatatcgaa

Figure S2. (Continued)
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ChrX:3,278,2373- 3281422

gaagaaaataa aa atatataaca atac é ataactataac E acacattatgtttc a atgatatc

tgttgtctcatactatcggcttaaagecggcggegtagggctaggataaccecccaatgtatatgcaagattt
gtatatcctcctactttttttTITPPTGcaatttactttgatttagecttcgatecctttcPPGACaTTAAGCcctaaatatgatTtTTTTC tggaGAACTTCAATATCAGTTAGTAggEL
atgtttaacgatttgcttgcgcTPTTtccgcTPTTTTTTITEgTTtttttaccataccataccataccatacaaggggttagagtttacgAGTGATTTAACaaATTTGATTTCTTCaAT
GTGATatATATATOATTTTCcTTTccgcgcgatttgatttggtagggaaaggttaacgaaagecggttttatgaaatcaatttgaagtgtttttttttegetgecatatattacaatatac
acgtatggattagatttaattaacaattagcggtctgtatataacatatgaagtagaatatcttaattatttttttgaattagttacttaaccatgaagtaaacaaaaaggAAAACAL
ttAaMAAcacAMAAATgAggacaaagaaCCAMcattgmaGtGmgGMtAgttaGAAatgAcAGACctagcggagaMCGAAACACMAaaaaaaaaaaaaagaaactgaag
ttgggagcga

,171’ t’d at’dvqtﬁt
tc TACTGCCTA‘ AT GAGAAAA ACATT
atttot ittt TTTTTTTTY

aTTc AA ta T(IAATATA(J ttat L acg Lx}TGTATAT
ATATAT-TT (' AACT(-TAACTA GENFMIEAAATGC C-A
OULAGUALGagaga LAGG-AGAGT | AGAAATT
AC.TTTGTUAGCTGTT AACTGTCGATTTTT
g atcaactaaactaaaaactactactaaactaa
raatatgtagaaaaacal . 1ttctaaaga . ACTGTTATTTAGGTT
atattcgataaatatatatgatgaccagaatttgaa

aaatgaagttaaaaac
catgatatata

aattattttTA
-CToTATATATA
ttaaacgaaaaaaccatgttttctttcas
taatttattaacgaaacaaca

ag ! J
TCTGACCGCGGTCGATCGCTTTATTGGGTGAAGGTCACGCCUGCTGCCT
tgTaTTtagtctatt ggaaattttags =} tttttttagctgccttaagtaaatttgagtgaaatttaacataaatttcagtaac
EERIE iRttt bt e ER R E e

tttgaattaaaaattcgttttatata

C hrX:3,284,960-3,285,785

gtttatttgttacate
aaggtcat
aacac
ttgtaaattttgta ttttthAAAATAT t’dAt’AAATG(’jt’(’TTACATGCATAT(’ —at
ActgatAAACTACCaat tat CTGAAATCAAAt atattctatatta | gatatacttatacattat hatta
t é AATAGAAC: TAACAAATTTGTA (oaag gtaa
gtaa ar“rrqa 1tagaaaataaaggatatgtgcaaatgcggagac C 1AC cagccgttga

C hrX:3, 286 494 3 286 847

atagaca
3 C aaatc
tAACTA(AAAAAAAaataaaaafhaaacaaaba

1oATA-CoATAT

atctataggggcaacgggtagttaagaagc
CLJCACCTTT-  TTAATGATGACATTCG
gcaaaccatcgcgacgaagatcacatgcaaaacgagcgacagcagegtct

Figure S2. EvoDifference analysis of the 40-kb top strand D. melanogaster dmyc locus. The 12.834-kb dmyc gene resides within the 40-kb fragment.
Each block of uppercase bases represents a cluster of conserved sequences. Uppercase black nucleotides represent bases in the D. melanogaster dm
EvoP 40-kb reference sequence that are conserved in all or all but one of the other 5 orthologous DNAs, D. sechellia, D. yakuba, D. erecta, D. willistoni
or D. virilis. The D. melanogaster dmyc transcribed sequence is annotated according to FlyBase as follows: 5-UTR (light grey), protein-coding sequence
(dark grey) and 3°-UTR (light grey). The conserved bHLH binding sites and E-boxes are in white text with black highlight, as is the repeat motif ATGT-
TGCCA and the nearby sub-repeat TGTTGC. PolyA1, 2, 3 in the 3’ UTR (yellow highlights), detected by Lasergene GeneQuest module, is indicated. The
DPE in the intron 2 region is lower case bold and underlined. ORF orientation is 5" — 3.
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Figure S3. The TATA-less downstream promoter element DPE functions unidirectionally. (A) The 8-kb intron 2 full length sequence in the J8.1 transgene
and its relative location with respect to the dmyc locus and genomic organization is shown. (B) The J8.1 fragment was examined for its ability to drive
reporter expression in different tissues during early developmental stages. Except for a minimal basal expression in the brain (a) the activity of the reporter
was abolished in imaginal discs (b—d), embryos (e, stage 1-2; f, stage 13—-16) and ovary (g), emphasizing the unidirectionality of the minimal core pro-
moter within the J8.1 fragment responsible for full activity in all the tissues (compared to the J8 activity in Fig. 6).

Note: Staining times for the discs and ovary are indicated above the scale bars. Embryo staining took place over-night. Scale bar in (a—g) indicates

50 pm.
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Figure S4. The fusion of J5 in the direction opposite to J8 attenuates expression in embryos. (A) The approximately 4.1-kb J5 promoter, the 8-kb intron 2
full length sequence in the J8 transgene, their fusion product J10 and their relative location with respect to the dmyc locus and genomic organization are
shown. (B) The approximately 12.1-kb chimeric restriction fragment in J10 results in reporter activity in the brain (a), discs (b—d) in a manner similar to
fragments J2.1 to J6 in Figure 5 or intron 2 transgenes in Figure 6. However, the expression is weak during different stages of embryogenesis (e, stage
1-3; f, g, stage 9-12). The expression in ovary remained similar to J2.1 and its deletions and J8, J8.2 transgenes.

Note: Staining times for the discs and ovary are indicated above the scale bars. Embryo staining took place over-night. Scale bar in (a—h) indicates
50 pm.
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Figure S5. Positive and negative controls for lacZ staining. For each lacZ staining of transgenes negative and positive control stainings were performed.
As negative control different tissues were taken from the “y[1] w[1118] “ and “attp-flies” listed in Table 2. dpp-lacZ flies served as source for positive control.
Depicted are negative controls (a—n) and positive controls (o-u), (a, b, o, brain; c-h, p-r, discs; i-m, s, t, embryos; and n, u ovaries).

Note: Staining times for the discs and ovary are indicated above the scale bars. Embryo staining took place over-night. Scale bar in (a-u) indicates
50 pm.
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