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Abstract

Most animals express multiple isoforms of structural muscle proteins to produce tissues
with different physiological properties. In Drosophila, the adult muscles include tubular-type
muscles and the fibrillar indirect flight muscles. Regulatory processes specifying tubular
muscle fate remain incompletely understood, therefore we chose to analyze the transcrip-
tional regulation of TpnC41C, a Troponin C gene expressed in the tubular jump muscles,
but not in the fibrillar flight muscles. We identified a 300-bp promoter fragment of TpnC41C
sufficient for the fiber-specific reporter expression. Through an analysis of this regulatory
element, we identified two sites necessary for the activation of the enhancer. Mutations in
each of these sites resulted in 70% reduction of enhancer activity. One site was character-
ized as a binding site for Myocyte Enhancer Factor-2. In addition, we identified a repressive
element that prevents activation of the enhancer in other muscle fiber types. Mutation of
this site increased jump muscle-specific expression of the reporter, but more importantly
reporter expression expanded into the indirect flight muscles. Our findings demonstrate that
expression of the TonC41C gene in jump muscles requires integration of multiple positive
and negative transcriptional inputs. Identification of the transcriptional regulators binding
the cis-elements that we identified will reveal the regulatory pathways controlling muscle
fiber differentiation.

Introduction

Skeletal muscle performance in higher animals is dictated in large part by the composition of
their muscle fibers. A preponderance of fast fibers is found in muscles with high performance
and rapid fatigue, and slow fibers predominate in muscles adapted for endurance (reviewed in
[1]). These differences in fiber performance arise from differential gene expression between
muscle cell types, and in particular arise from employing fiber-specific isoforms of structural
muscle proteins. There is strong evidence that muscle protein isoforms are “tuned” for the
physiological parameters of the fibers in which they are expressed. For example, while
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mutation of the MHC-IId Myosin heavy-chain gene in mice is partially compensated for by
sustained expression of MHC-1Ia, the mutant animals nevertheless show severe muscular
defects, including growth inhibition and abnormal muscle contraction characteristics [2,3]. In
addition, experimental substitution of a Drosophila flight muscle myosin isoform for an
embryonic isoform results in normal myofibril assembly, but the adult flies showed muscle
degeneration and an inability to fly [4].

While research over the past 30 years has identified factors required for skeletal muscle
specification and development, there is still much to learn concerning how individual fiber
types are specified. Clearly, the differential presence of muscle protein isoforms must arise
from differential gene expression between fiber types. In zebrafish, fast and slow fiber types are
physically separated from one another, making this a suitable model system for elucidating
mechanisms of fiber specification. At the molecular level, the transcription factor PRDM1a
represses the fast fiber phenotype by binding to the promoters of fast fiber-specific genes, and
promotes slow fiber fate by suppressing Sox6, which otherwise represses some slow fiber genes
[5]. For fast fibers, Sixla promotes the fast fiber phenotype, potentially in collaboration with
myogenic bHLH factors [6]. In addition, the Pbx1 homeodomain factor also promotes fast
muscle fate [7], in many cases by counteracting PRDM1a function [8]. These studies provide
an important framework for understanding muscle fiber specification, and it will be important
to determine if this is a broadly used pathway.

Recent research in Drosophila has demonstrated that mechanisms directing myoblasts to
different fiber types indeed have evolutionarily-ancient components. The adult Drosophila
thorax contains two distinct fiber types: the fibrillar indirect flight muscles that power flight,
and the tubular muscles including the large tergal depressor of the trochanter (TDT), or jump
muscle. These muscles differ significantly in their physiological characteristics [9], and in their
patterns of structural gene expression [10,11]. Drosophila orthologs of Pbx1 and Meis1, named
Extradenticle (Exd) and Homothorax (Hth), respectively, along with Spalt-major (Salm) lie at
the top of a transcriptional cascade to specify flight muscle identity. Loss of function of any of
these factors result in a loss of flight muscle characteristics and a transformation of the flight
muscles into tubular muscle. In addition, expression of either exd/hth or salm in tubular mus-
cles can specify flight muscle fate [10,12]. These studies therefore identify a conserved tran-
scriptional pathway for flight muscle fate, that parallels a mechanism for fast fiber fate
specification in vertebrates.

By contrast, the regulatory pathways that promote TDT fate have yet to be defined. Myocyte
enhancer factor-2 (Mef2) is essential for formation of all adult muscles [13, 14], however no
mutations or knockdowns have been identified that specifically affect the tubular class of mus-
cle. Analyses of structural protein genes expressed in adult muscles have identified regulatory
elements for a small number of genes, and some of the identified enhancers are active in the
jump muscle [13, 15, 16]. Canonical MEF2 sites are present in these enhancers, although a
direct role for MEF2 in regulating them has yet to be definitively shown. Overall, we still have
an incomplete understanding of how tubular muscle-specific gene expression is achieved.

To address mechanisms of tubular muscle gene expression, we sought to identify and char-
acterize the enhancer for a gene expressed exclusively in the tubular muscle, the Drosophila
Troponin C at 41C (TpnC41C) gene. TpnC41C is one member of a family of five TpnC genes
encoded by the Drosophila genome. TpnC41C is expressed exclusively in the tubular muscles
of the adult head and thorax, and is the predominant TpnC expressed in that tissue [17,18]. By
determining how the tubular muscle-specific expression of this gene is achieved, we aim to
gain insight into the mechanisms specifying tubular muscle fate.

In this paper, we demonstrate that expression of TpnC41C in the TDT is regulated by a
300-bp promoter element that interacts with at least three different regulatory proteins. Two of
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these proteins, including MEF2, promote increased expression of TpnC41C in the jump muscles;
a third factor binds to the enhancer to repress TpnC41C enhancer activity in the flight muscles.
We therefore propose a mechanism for expression of this gene that requires the integration of
both positive and negatively-acting factors to achieve proper tissue-specific expression.

Materials and Methods
DNA methods

Drosophila genomic DNA was isolated according to Huang et al [19] with minor modifica-
tions. A 614-bp fragment of the TpnC41C promoter corresponding to genomic sequence
2R:50700048-5070661 was amplified using the primers 5-AGGGTGTATAAGCTTAGG-3’
and 5-GCTAAATAAACAATTGAAGAC-3’ and cloned into the pGEM-T Easy vector (Pro-
mega Corp). Next, the fragment was subcloned upstream of the cytoplasmic lacZ reporter gene
of pCHAB [20]. Note that this vector also contains a minimal heat shock promoter that pro-
vides basal promoter activity whether or not a canonical promoter is cloned into the vector. A
similar strategy was applied to create plasmids with 5’- and 3’- deletions of the promoter
region. To achieve this, we combined the primers 5-CATCAAAATTCTTTATTTTTAT-3
(for 3’ deletion) or 5’-GATGAATATTGTGTATCTAA-3’ (for 5’ deletion) with their corre-
sponding forward and reverse primers described above. A central 300-bp part of the promoter
was amplified using the primers 5’-CTACGGCCGGAGTATCAGAAGGGCGAG-3’ and
5-GTACGGCCGATACGATGATAGCTCTGC-3’, and cloned into the Eagl site of pBluescript
to create pBS-TC41C-E. In addition, pT'C41C-E was created, where this 300-bp promoter
region was placed upstream of the nuclear lacZ reporter gene of pnLacZattB (provided by Dr.
Basler, University of Zurich, Zurich, Switzerland), to analyze reporter expression in cell culture
and in Drosophila transgenic animals.

For mutagenesis of the MEF2 binding site in the 614bp promoter and the site designated R1
in the 300bp TC41C-E, we used the GeneTailor Site-Directed Mutagenesis System (Invitrogen).
The MEF2 mutation CTAAGGATAA was inserted in the full-length promoter fragment using
primers 5-GATGAATATTGTGTATCTAAGGATAAAACTCTG-3’ and 5-TTAGATACACA
ATATTCATCAAAATTCTTTA-3, and the mutated fragment was subcloned into pCHAB.
Mutation of the R1 site in the promoter sequence (GATGAATATTGTGTA) was inserted into
pBS-TC41C-E using the oligonucleotides 5-TTATAAAAATAAAGAATTTTTCGTCCGCGGT
GTGCTCTAAAAATAAAA-3 and 5’-AAAATTCTTTATTTTTATAAACCGTACATT-3%
next, the mutated promoter was sub-cloned into the pnLacZattB vector to create pTC41C-ER1.

Mutations of the sites designated MEF2 and SM3 in TC41C-E (sequences CTAAAAATAA
and TTCACAAATACCATTT, respectively) were generated by gene SOE-ing [21] using the
mutagenic oligonucleotides 5-GCAATTTTTGCCTGTCTAGATTGCCCTATAATACGTTC
CAA-3’and 5-ACGTATTATAGGGCAATCTAGACAGGCAAAAATTGCAATTC-3’ for
SM3 site; oligonucleotides 5’-TATTGTGTATTCTGCAGCGGAACTCTGAGTATTTT-3’ and
5-AAAATACTCAGAGTTCCGCTGCAGAATACACAATA-3’ for the MEF?2 site; and oligo-
nucleotides 5-CGCGAATTCGAGTATCAGAAGGGCGAG-3’ and 5-GTACGGCCGATAC
GATGATAGCTCTGC-3" as common flanking primers for both mutations. Mutated enhancer
PCR fragments were inserted into the EcoRI-Eagl sites of pnLacZattB to create pT'C41C-E-
MEEF2, pTC41C-ESM3 and pT'C41C-EMef2/SM3 plasmids. Construction of the MEF2 expres-
sion plasmid pPac-Mef2 was published elsewhere [22].

Drosophila methods

All fly stocks were maintained at 25°C, and gene and chromosome symbols are as described at
FlyBase.org. y w and w''"® flies were used as controls. Drosophila transgenic lines expressing
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cytoplasmic lacZ controlled by the TpnC41C full-length promoter and its deletion variants
were generated by transposon-mediated transgenesis [23]. Transgenic lines expressing nuclear
lacZ controlled by the 300-bp enhancer and its mutant derivatives were generated by site-
dependent phi-integrase mediated recombination of pTC41C-E, pTC41C-EMef2,
pTC41C-ESM3, pTC41C-EMef2/SM3 and pTC41C-ER1 [24].

Cell culture

Drosophila S2 cells were cultivated in flasks with Schneider’s Drosophila Medium (Invitrogen)
supplemented with 10% FBS (Atlanta Biologicals), at 24°C to a density of 2-4X10° cells/ml. For
co-expression of Drosophila MEF2 protein and B-galactosidase controlled by full-length
TpnC41C-lacZ and its deletion variants, cells were plated into 24-well plates at 5X10° cells per
well and incubated with DNA and Cellfectin II Reagent (Invitrogen) in serum-free Schneider’s
Drosophila Medium for 18 h at 24°C. Total plasmid DNA concentration per well was 0.5 mg/
ml, with a transcription factor (MEF2) to reporter (TpnC41C-lacZ) plasmid ratio of 1:9. Next,
an equal volume of serum-containing culture medium was added, and cells were allowed to
grow for an additional 24 h at 24°C. After this time, growing media was removed from the
wells, cells were lysed, and lysates were used in B-galactosidase assays.

B-galactosidase assay

We analyzed the amount of expressed B-galactosidase reporter protein by measuring its activity
in a colorimetric reaction using the All-in-One B-Galactosidase Assay reagent (Pierce). For
B-galactosidase activity in cell culture, cells were lysed in 100 pl of M-PER buffer (Pierce) and
incubated for 20 min at room temperature with shaking. Next, 20 pl aliquots of lysates were
mixed with equal amount of B-galactosidase reagent, and reporter activity was measured at 405
nm in a Multiskan FC plate reader (Thermo Scientific). The resulting activity was normalized
to the total protein concentration in the lysates, measured with the Bio-Rad Protein Assay
Reagent.

For B-galactosidase activity in transgenic flies, ten dissected TDT muscles were homoge-
nized in 100 pl of PBTx. All insoluble debris were sedimented by centrifugation, and 30 ul ali-
quots of the supernatant were mixed with 10 pl of the B-galactosidase reagent. The reactions
were analyzed immediately by taking ten measurements every 2 minutes in the Multiskan FC
plate reader at 405 nm. Resulting activity was calculated as a change in the light absorbance per
second. The results were expressed as a percent of B-galactosidase activity relative to that
observed in transgenic control muscles.

Electrophoretic mobility shift assay and transcription factor pull-down
experiment

DNA binding assays were carried out as described by Cripps et al [25]. For MEF2-binding reac-
tions, MEF2 protein was synthesized in a Coupled Rabbit Reticulocyte Lysate Transcription-
Translation System (Promega) using pcDNA-Mef2 [26] as a DNA template and T3 RNA Poly-
merase. The TpnC41C putative MEF2 binding site, plus ten nucleotides on each side, was used
as a binding DNA probe. Double-stranded oligonucleotides corresponding to this region
included 5’-GG overhangs necessary for incorporation of radioactive >*P-dCTP in a Klenow
Exo” enzymatic reaction (New England Biolabs). For the competitor-containing reaction we
used 100X excess of unlabeled DNA probe. The mutated competitor had a two-nucleotide sub-
stitution in the MEF2 binding site. Binding reactions were carried out in binding buffer
(25mM HEPES pH 7.6, 100 mM NaCl, 15% Glycerol, 0.1% NP40, 0.5 mM PMSF; [27]) supple-
mented with Complete EDTA-free protease inhibitor cocktail (Roche) and 0.1 pg/pl poly-
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dIdC, and containing 1yl of either unprogrammed or programmed lysate. First, all components
besides the labeled probe were mixed and incubated on ice for 20 min. Then, the probe was
added and reactions were incubated at room temperature for additional 20 min. Reaction com-
ponents were resolved in 5% non-denaturing polyacrylamide gels, and visualized by autoradi-
ography of the dried gel.

To explore the TpnC41C promoter for new protein binding sites, we designed 50-bp over-
lapping probes that completely covered its sequence. Nuclear protein extracts from w'''®
pupae were prepared for binding reactions according to Kawasaki et al [28], and 2ug of protein
was used in each reaction. Specific protein binding to the 30-bp sequence 5’-ATTTTGATGAA
TATTGTGTATCTAAAAATA-3 was confirmed in an additional assay. Mutated probes
mI-m6 were designed to define the 15-bp binding site.

Pull down experiments were performed using Dynabeads MyOne Streptavidin T1 magnetic
beads (Invitrogen) and double-stranded 170-bp biotinylated TpnC41C promoter region (bait),
containing either the native or the mutated MEF2 binding site. Baits were amplified using the
biotinylated forward primer 5’-Biotin-ATTATAGCGTTCGCTCTTG-3’ and the non-biotiny-
lated reverse primer 5-AATTTTATCCACAAGACAG-3’, and plasmids pTC41C-E and
pTC41C-EMef2 as templates. For the binding reactions, we scaled up the pupal nuclear extract
preparation to obtain ~ 5mg of total protein per sample. The nuclear extract buffer was further
exchanged with binding buffer described above using Amicon Ultra Centrifugal Filters (Milli-
pore), and incubated with 250 pl of salmon sperm DNA (10mg/ml) at 4°C for 30 min to block
non-specific DNA-protein binding. Next, the nuclear extract was incubated with magnetic
beads carrying baits at 4°C for 2 h. After incubation, beads were washed twice with binding
buffer containing protease inhibitors, and twice with 20mM Tris-HCI, pH 8.0, 2mM CaCl2,
and bound proteins were digested with trypsin directly on the beads as described in Belozerov
etal [29]. The products of the enzymatic digest were submitted to the Arizona Proteomics
Consortium (University of Arizona) for liquid chromatography-tandem mass spectrometry.

Cryosectioning, immunofluorescence and microscopy

Cryosectioning of adult flies, immunostaining and histochemical staining for B-galactosidase
were performed as described before [30]. Antibody to B-galactosidase was obtained from Pro-
mega. We used Alexa Fluor IgG conjugates (Molecular Probes) as secondary antibodies in all
immunofluorescent stains. Alexa Fluor-conjugated Phalloidin (Molecular Probes) was used to
visualize F-actin in muscle cells. For direct comparison of X-Gal stains between control trans-
genic lines and mutant transgenic lines, sections were treated and incubated with X-Gal solu-
tion for identical periods of time. Images for direct comparisons between control and
experimental samples were collected under identical conditions, and image processing was
identical for all matched images.

Results

The TpnC41C promoter is conserved in the Melanogaster subgroup and
contains sequences sufficient for tissue-specific expression

To identify the genomic elements controlling expression of TpnC41C, we searched the DNA
sequence immediately upstream of this gene for regions that are conserved across multiple
Drosophila species. We found that sequence in the immediate proximity to the transcription
start site has 76% nucleotide identity across five species of the Melanogaster subgroup to which
D. melanogaster belongs (Fig 1A). To determine if this region can account for the tissue-spe-
cific expression of TpnC41C, we cloned a ~600-bp fragment from the identified homologous
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D. mel AGGGTGEHTANGCT L :r rTATTCERTTCATERTTTTTENGACC m';m c §---TBcccaBcrcclc---
D. sim T -r T -re TTATT TCATHTTTTTTRREGCCHT TANCCATGTCC
D. sec T TATT| TCATERTITTTERG-CC| CT‘I .Il'!l' '.I' CC&TGTCC
D. yak T ‘.I'J!'G'Ia. TATTRATITICATIETITTITCECCC "k CC TCC
D. ere TG -'rmn ITETIACITATIMATITCATTRITTTTCARGECC T'ITA'." TAGTCC AAAAGA- 'n‘ rccsc
D.mel -353 --RRATARABGTARBCGCTAC TTGC TGRGTRAT] c GRAGAGTGTTTTETAATTT - lccaTTTlccTilicac cc;\c
D.sim -351 TARAGETARACEGCTRG TTGC IGTGAGT, I GAGTHTTTTETAATTIT 'I'TA G ICCATTTTCCT, ACA CCR
D. sec -351 TARAGGTARACGCTIAG GTTGC GTGAGT GAGTHITTTHTAATTIT TTA| '!‘C CCATTTTCCT ACABCCA
D. yak -351 TARARGT CGCTACTG TTGCC}\TAGTGAGTTJ&T 1‘\: IGAAGAGT, TT‘ETRIMTTTATTCT‘!‘TGCC TCECCATTTECCTEGCAC! CCRCTRTCTGJ\
D.ere _.350 TARASGT GCTA-BRTGTTGCGATAGTGAGTRATETCA GAGT TTTITMTTTAT'!'TTTGTMGTCRCCJ\TTT CTCGCAC GCCRCTR.CTGM
D. I'I'_IE' -247 =al lcaac 1‘1‘3\’!3\ GTTC crreTlrrrcaaTTcCARTTTT CanCCAT 'f."!‘ATMTECGTTCCMG}LTCI‘MI‘GCMTGTJ\C
D.sim -247 =2 c-su GGCGAG TTATABCGTTC TTGTETTTAAATTGCANTTTT s CAAATACCATTTTATAATACGTTCCAAGATCTAATGCAATGTAC
D.sec -247 TABCGGAABGECGAG mn’u GTTCREECTTGTHTTTARATTIGCAGTITTT| CARATACCATTTTATARTACGTITCCAAGATCTARTGCAATGTAC
D. yak =247 I‘MC MTGACGAGWT GATTATAARCGTITCTGCCTTGTATTTGAATTGCANTTIT G?T CARATACCATITTATAATACGITCCARGATCTAATGCAATGTAC
D.ere -247 rnlr: AATGACGAGEAAT GATTI\‘IthGTTC""'CTTGIITITThA‘ETGC T T TGGT T TACAAATACCATITTATAATACGTTCCAAGATCTAATGCAATGTAC
D.mel -138 GGTTEREMTNGMTTTTGJ\ TATTGTETATCTARARAT CHcTGAGTATTTTTCTGCTTGTGGATARAATTATCT TTGAGT TACATGACATACE
D.sim -138 GETTTATAAARATAAAGAATTITTIGAC TATTGTIBTATCTARAAATA. CBB T GAGTATTTIICIGECTIGTGGATAAAATTATCTTIGAGTITACATGACATACG
D.sec -138 GGTTTATAAAAATARAGAATITIGA TATTGTGTATCTAARAAT CEBTGAGTATTTTTCTGECT TGTGGATAARAT TATCTTTGAGT TACATGACATACGS
D.yak -138 GGITTATARAAATARAGARTITIGA TATIGTATATCTAAARATAARTCERTGAGTATTTTTCTGGCTTGTGGATAARATTATCTTTGAGT TACATGACATACE
D.ere -138 GGTTITATAAARATARAGARTITTGA TATTGTATATCTARARATAAATC-BTGAGTATTTTTCTGGCTTGTGGATAARAT TATCTTTGAGT TACATGACATACGAA
D. mel -29 ATATTTATGIEETCTTTTTTATTIGGTTT| T BT TGTTTTTGTTTEARCAAAAATAGTTGCAG) c:rn'rcn"rcs'r GTTC TGTTGAGAT
D. sim -29 ATATTTATGTEGECTTTTT-ATTTGGTTT| TGTTTTTGTTTEAACARRARTRGT TGCAGRGCTATCATCGT, GTTC 'r TGTTGAGAT
D. sec -29 ATATTTATGT CTTTIT-ATTIGGTITT TRTTGTTTITTGTTT] CARARRATRGTTIGCAG CTJ\‘I‘CATCGT GT.I'C TIGTTGAGAT
D. yak -29 ATATTTATGIHTBCTTITTT-ATTTGGTTT GTAJ.u.-a“.a.;uuaa4MCI\MTAGITGCRGGGCT&TC&TCGTG‘ET CTMJ\ TGTTCLTCMTGTTGAGJ\T
D. ere -30 ATATTTATGTACECT T TI T TATTIGGT T TCAANTAT TGTTITTGT I THAACAAAAATAGT TGCAGGECTATCATCGTGTTARATCTAAA-TGTITCTICAATGTTGAGAT
D.mel +85 Geazccacac s cn TGTGTTTTAATCGCGTCAATACBAAGTTTATTTCTCGTCTT Mc;'m"r TTT]
D.sim +85 GCATCCAC. TGTGTTTTARTCGCGTCARTACEAAGTTTATTHCTCGTCTTRARTTGTTTRT
D. sec +85 GCATCCAC TGIGIITTAATCGCGTCAATACEAAGTTTIATT TCGTCTT ITTGTTTETTT|
D. yak +84 GCATCCAC TTCACACAGTI‘.‘ChI‘.'ML‘GTGTETTMTCGCG‘ECMTI\CRMGTTIA'IT TCGICITTAATIGTTITETIT
D.ere  +B4 cecaTccacaraafrcacABAGECCACATGTIGTITTAATCGCGTCAATACEAAGTTTATTECTCGTCTTEAATTGTTTTTTITTTEAGA
I 1
1
|
1
1
|
|
1
|
I ACTIVITY
-451..+163 1 +
451..-112 | | +/-
-115...+163 L I +/-
-251...+49 L | +

Fig 1. The TpnC41C promoter is conserved in the Sophophora subgenus and specifically drives reporter expression in the TDT. (A) The high

conservation of the upstream region of the TonC41C gene is revealed by sequence alignment across five Drosophila species: D. melanogaster (D. mel), D.
simulans (D. sim), D.sechellia (D. sec), D. yakuba (D. yak) and D.erecta (D. ere). Fully conserved nucleotides are highlighted in yellow, and strongly conserved
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nucleotides are highlighted in blue. Arrow shows the location of the transcription start site, and numbers indicate nucleotide positions relative to the
transcription start at +1. Brackets show localization of the conserved binding sites which are discussed later in the paper. (B) Schematic of the D.
melanogaster TonC41C gene, showing exon composition. Protein coding regions are shown in orange, untranslated regions shown in grey. Below are
diagrams of the promoter regions tested for activity in the TDT using a lacZ reporter. Promoter activity was evaluated by X-Gal staining on cryosections and
was classified as “strong” (+), when the blue staining developed in 5 min; or “weak” (+/-) when it developed in more than 1 h. Right panel shows a
representative stained section of the Drosophila thorax expressing the nlacZ reporter controlled by a 300-bp promoter region TC41C-E (spanning the region
from -251 to +49). TDT muscles are outlined with a dashed line, asterisks indicate indirect flight muscles. Bar, 100um.

doi:10.1371/journal.pone.0144615.g001

region and fused it to hsp-lacZ, that encodes B-galactosidase. We monitored the expression of
this reporter construct in transgenic animals, where we observed it to be sufficient to direct
strong and specific expression of B-galactosidase in the TDT muscles (Fig 1B), which indicated
that the cloned region contained all the regulatory sequences required for fiber-specific expres-
sion of a muscle structural gene. To gain further insight into how this region was regulated, we
generated three sub-fragments, and tested their ability to activate an hsp-lacZ reporter in trans-
genic animals. We found that whereas the 5" and 3’ halves had only modest activity in the
TDT, a central fragment spanning from -251 to +49, that we termed TC41C-E, retained strong
TDT-specific activity (Fig 1B, right panel). These results defined more precisely the location of
TpnC41C regulatory elements.

The TpnC41C promoter contains a functional binding site for MEF2

To determine how the tissue-specific activity of the TpnC41C promoter was regulated, our initial
goal was to identify sequences that were conserved within the promoter. In practice, this was not
possible since the promoter is highly conserved across the species tested, and orthologous sequences
could not be identified in more distantly-related Drosophila species. Instead, we examined the
sequence for canonical binding sites for known muscle regulatory factors. We found that it con-
tained a putative binding site for the Drosophila myogenic transcription factor, Myocyte enhancer
factor-2 (MEF2)(Fig 2A), that matched the consensus MEF2 binding site identified by Andres et al
[31], and closely matches MEF2 binding sites identified in a number of Drosophila studies [32-34].
This site was present and conserved in all five other Drosophila species (see Fig 1 A).

To test if MEF2 can bind to this site, we performed an electrophoretic mobility shift assay
(EMSA). We found that in vitro translated MEF2 bound to this sequence, and the binding was
sensitive to mutations in the MEF2 consensus binding site and therefore sequence-specific (Fig
2A). This in vitro result was consistent with a role for MEF2 in regulating the promoter.

To determine if this sequence could interact with MEF2 isolated from intact animals, we
used a 170-bp fragment of the TpnC41C promoter, containing the MEF2 site, as a bait to isolate
nuclear proteins prepared from pharate adults. In parallel, we mutated the MEF2 site in the
context of the 170-bp fragment and used it as a negative control for the pull-down experiment.
The purified nuclear protein samples were then analyzed using LC-MS/MS analysis to identify
factors interacting with the control and mutant DNA fragments. All Drosophila proteins iden-
tified in this approach are listed in S1 Table. Amongst the identified peptides, MEF2 was
detected in the samples purified using wild-type DNA (seven peptide hits), but was not
detected in samples using mutant DNA (0 peptide hits). This result indicated that MEF2 from
intact animals could interact specifically with the TpnC41C promoter fragment. We note that a
number of other proteins are co-purified in this approach, including a number of muscle struc-
tural proteins that are unlikely to interact with DNA. Further optimization of this approach
should identify additional factors interacting specifically with the TpnC41C promoter, and
reduce the background of non-specific proteins.

We next validated the function of the identified MEF2 site in tissue culture and in vivo. We
co-transfected Drosophila S2 cells with a Mef2 expression plasmid and full-length TpnC41C-
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Fig 2. MEF2 binds to and activates the TpnC41C promoter. (A) MEF2 binding to the TonC41C promoter was analyzed by electrophoretic mobility shift
assay. On the left: the sequence of the 30-bp probe, containing a putative MEF2 site (underlined) and its mutated version (mutated nucleotides shown in red).
The double-stranded, radioactively-labeled wild-type probe was incubated with in vitro translated MEF2 protein, resulting in a shifted DNA-MEF2 complex
(lane 1). The specificity of binding was tested by adding to the reaction mixture a 100-fold excess of the same unlabeled oligonucleotide (“‘competitor”, lane
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2), or unlabeled oligonucleotide with the nucleotide substitution in the MEF2 site (“mut. competitor”, lane 3). Lysate containing no MEF2 protein only resulted
in a non-specific interaction between protein in the lysate and the DNA probe (lane 4, NS). (B) Activation of the TpnC41C promoter in Drosophila S2 cells by
MEF2. Cells were transfected with either wild type (dark blue) or mutated (light blue) TonC41C promoter-nlacZ constructs, alongside either empty expression
vector (VECTOR) or expression vector for MEF2 (+MEF2). B-galactosidase activity was analyzed in cell lysates 24 hours post-transfection, and the results
are expressed as normalized B-galactosidase activity. Asterisks indicate t-test p-values; * p = 2.18x10°5, ** p = 0.003283.

doi:10.1371/journal.pone.0144615.g002

lacZ. This resulted in activation of lacZ expression, evident from the increased B-galactosidase
activity in cell lysates compared to control co-transfections containing an empty expression plas-
mid plus full-length TpnC41C-lacZ. A similar co-transfection experiment with Mef2 expression
plasmid and mutated TpnC41C-lacZ, in which the MEF2 site was altered, had a significant reduc-
tion in B-galactosidase activity compared to the control fragment plus MEF2 (Fig 2B). This result
indicated that the MEF?2 site that we had identified was critical to full MEF2-mediated activation
of the enhancer. Interestingly, there was still some activation by MEF2 of the mutated TpnC41C-
lacZ reporter. This result might arise from MEF?2 interacting with the promoter via a non-con-
sensus binding site and thereby partially activating reporter gene expression.

In vivo, we analyzed the activities of wild-type and MEF2 site mutated TC41C-E promoters
fused to a nuclear lacZ reporter. These reporters were inserted into independent lines at the
same genomic locus, thus eliminating possible variation in expression due to positional effect.
Samples were also processed at the same time under identical conditions. We observed that
whereas the wild-type promoter-nlacZ construct was strongly active in the jump muscles (Fig
3A), mutation of the MEF2 site substantially reduced the TpnC41C promoter activity (Fig 3B).

Altogether, these findings established MEF2 as a direct regulator of TpnC41C, acting via a
single binding site in the TpnC41C promoter and thereby playing an important role in activa-
tion of this gene in the TDT.

The TpnC41C promoter contains binding sites for additional
transcriptional activators

Since mutation of the MEF2-binding site did not completely eliminate transcriptional activity
of TC41C-E, we searched for other possible regulatory sequences in the TpnC41C promoter. In
this approach, we searched for homologous sequences in the promoters of other TDT-specific
muscle structural genes. We hypothesized that expression of genes in the same set of tissues
might involve similar mechanisms of regulation, and therefore the enhancers would contain
similar regulatory elements. When we compared the sequence of the TpnC41C promoter with
that of the enhancer of the jump muscle actin gene Act79B [13], we identified two regions of
significant similarity. The two identified regions, that we named SM3 and SM4, demonstrated
93% and 100% nucleotide identity, respectively (Fig 4A).

To determine the functional importance of these two sequences, we mutated each of them
in the context of the 300-bp TpnC41C promoter, and assessed promoter-lacZ activity in trans-
genic animals in comparison to wild-type TpnC41C-nlacZ samples processed in parallel (Fig
4B). Mutation of SM3 resulted in visible reduction of B-galactosidase levels in the jump muscles
of transgenic flies (Fig 4C). In contrast, mutation of SM4 in the same setting did not result in a
noticeable changes in the normal reporter expression (not shown). These data indicated that
SM3, like the MEF?2 site, is critical for full activation of TpnC41C promoter activity, and sug-
gested that SM3 represents a binding site for a transcriptional regulator that activates TpnC41C
expression in jump muscles.

To determine if the MEF2 and SM3 sites were in combination critical for enhancer activity,
we generated a double mutation affecting both the SM3 and MEF2 sites. In vivo, this mutant
promoter-nlacZ reporter also showed low, but detectable, reporter gene expression (Fig 4D).
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flies, stained with: Phalloidin (green, left panels), to reveal the thoracic muscles; anti-B-galactosidase (red,
center panels), to reveal nuclear 3-galactosidase accumulation; and X-Gal (blue, right panels), to reveal
nuclear B-galactosidase activity. The TDT is outlined. Scale bar, 100um.

doi:10.1371/journal.pone.0144615.g003

To determine more accurately the requirements of the MEF2 and SM3 sites for TpnC41C
promoter activity, we carried out quantitative analyses of B-galactosidase activity in the lysates
of transgenic flies bearing wild-type and mutant versions of TC41C-E. Mutation of SM3
resulted in a significant reduction of B-galactosidase activity, reducing it to 26% of the wild
type activity level, whereas mutation of the MEF2 site and double mutation of MEF2/SM3
caused more dramatic changes, practically eliminating reporter activity (8% and 3% of wild-
type reporter activity, respectively) (Fig 4E).

Our data demonstrate that although MEF2 is seemingly the most significant regulator of the
TpnC41C promoter, driving most of its activity in the jump muscle, additional factors contrib-
ute to the positive regulation of TpnC4IC transcription.

The TpnC41C promoter contains a repressor binding site

Since MEF2 is expressed in all adult muscles [35], our results so far did not give insight into
how TpnC41C is expressed only in the jump muscles. We therefore sought to identify addi-
tional regulatory elements in the TpnC41C promoter, by performing EMSA using nuclear
extracts prepared from developing pupae. By using a series of 30- and 50-bp DNA probes, col-
lectively overlapping the entire length of the cloned TpnC41C promoter, we identified a 30-bp
region that produced a reproducible protein-DNA complex when combined with nuclear
extracts (Fig 5, lanes 1-3). Note that this region is immediately adjacent to the MEF2 binding
site, and part of, although not all of, the MEF2 site is contained within the 30-bp sequence.

To identify sequences within this 30-bp element that interact with the DNA binding pro-
tein, we generated mutant versions of the probe, in which consecutive stretches of five nucleo-
tides were mutated (see lower part of Fig 5A). We observed that mutation of either the first five
nucleotides (Fig 5A lanes 4-6), or of the last ten nucleotides (Fig 5A lanes 16-20), did not affect
the formation of a DNA-protein complex. By contrast, mutation of the inner 15 nucleotides
prevented binding of the protein to DNA (Fig 5A lanes 7-15). This 15-bp sequence, that we
termed R1, is different from the other characterized regulatory elements in the TpnC41C
enhancer described above.

Given that this sequence binds a protein from pupal nuclear extracts, we determined the
requirement for this element in TpnC41C enhancer activity. We mutated R1 in the context of
the full-length enhancer, and fused it to nlacZ for analysis in transgenic animals. Control and
mutant transgenic TpnC41C-nlacZ animals were processed for immunofluorescence and
immunohistochermistry in parallel and under identical conditions. Interestingly, mutation of
this sequence in the context of TC41C-E resulted in up-regulation of the reporter activity, as
evident from stronger accumulation of -galactosidase in the jump muscles compared (Fig 5B).
More importantly, ectopic B-galactosidase accumulation was detected in the indirect flight
muscles of the mutant TpnC41C-nlacZ samples. These data suggested that a transcriptional
repressor, acting via R1, is involved in proper fiber-specific expression of TpnC41C.

Taken together, the data presented in this report indicate that fiber-specific expression of
TpnC41C is regulated by a combination of positive and negative regulatory inputs.

Discussion

In this paper, we have identified and characterized the mechanisms controlling transcription of
the Drosophila tubular muscle structural gene, TpnC41C. Expression of this gene is controlled
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Fig 4. Additional positive regulatory elements exist in the TpnC41C promoter. (A) Diagram of the aligned TpnC41C and Act79B regulatory regions,
showing the similar sequences termed SM3 and SM4. (B-D) Top: diagrams of TponC41C promoter-nlacZ constructs bearing either wild-type (B), mutated
SM3 (C) or double mutant SM3 and MEF2 sites (D). Below the schematics are representative images of cryosections of the transgenic flies stained with:
Phalloidin (green, left panels), to reveal the thoracic muscles; anti-B-galactosidase (red, center panels), to reveal nuclear 3-galactosidase accumulation; and
X-Gal (blue, right panels), to reveal nuclear B-galactosidase activity. The TDT is outlined. Scale bar, 100um. (E) B-galactosidase activity was measured in
lysates from dissected TDT muscles expressing either the nlacZ reporter with no enhancer (vector) or nlacZ reporters controlled by wild type (WT) and
mutant TonC41C promoters (SM3 or SM3/MEF2 indicating the sites that were mutated). Asterisks indicate t-test p-values; * p = 2.2268x107'2, **

p =4.49158x107"8, *** p = 5.39191x107"°,

doi:10.1371/journal.pone.0144615.9g004

by a proximal enhancer located close to the basal promoter, and that is regulated by both posi-
tive and negative regulatory inputs. Specifically, the myogenic regulator MEF2 plus one other
factor promote TpnC41C expression, whereas a third factor functions as a repressor of
TpnC41C expression.

Programming of tubular muscle fate

What do our findings tell us about the mechanisms specifying tubular muscle fate? Currently
there is little information regarding genes that specifically control the formation of the tubular
muscles in the Drosophila adult. Mef2 knockdowns lack essentially all adult skeletal muscles
[13, 14], and knockdown of either spalt-major, exd or hth result in a loss of flight muscle fate
and an expansion of tubular muscle fate into the flight muscles [10,12]. However, no factors
have to date been shown to be required solely for tubular muscle fate. These data raise two pos-
sible conclusions: that a genetic program exists for specifying tubular muscle fate, but this pro-
gram has yet to be defined; or that tubular muscle fate is a default process, and additional
factors expressed in flight muscles (such as Exd/Hth and Spalt-major) repress jump muscle
fate and instead promote flight muscle fate.

Here, we demonstrate that a TDT-specific regulatory element can expand its expression
into the flight muscles when a specific sequence is mutated. This finding is similar to that of
Arredondo et al [36] who showed that the activity of a 1.7-kb promoter element within the
Paramyosin gene had an expansion of enhancer activity from the TDT into the flight muscles,
when a number of regulatory sites were mutated. These two studies support a model for tubular
muscle enhancer architecture where the activity of a general muscle activator region is attenu-
ated in specific muscle sub-types such as the flight muscles. Such a model of enhancer activity
would support the latter model of jump muscle specification: a default developmental pathway
promotes tubular muscle fate, and factors expressed in the flight muscles repress tubular mus-
cle fate and instead promote flight muscle fate. Nevertheless, we note that this is a relatively
limited analysis upon which to derive a firm conclusion.

Role of MEF2 in controlling adult muscle gene expression

For the TpnC41C promoter, it is clear that one general muscle activator is the MADS domain
protein MEF2, that works in collaboration with at least one additional factor. This situation dif-
fers somewhat from the Paramyosin internal promoter, since a putative MEF2 site was one of
the sequences whose mutation resulted in enhancer activity expanded outside the jump muscle.
In addition, several other adult tubular muscle enhancers appear to lack consensus MEF2 sites,
including the 5" Paramyosin enhancer [36] and a sub-fragment of the upstream regulatory ele-
ment of the Troponin T gene, upheld [15]. These studies indicate that factors in addition to
MEF2 must be required to promote tubular muscle gene expression, however the identity of
these factors remains obscure.

The presence of a single MEF2 site in a regulatory element has been observed before in a
number of instances, including for the Tm2 gene [37] and Actin57B [32] among others. In
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12, 15, 18). NS—non-specific band. Probe sequences are shown in the lower panel. Red sequences indicate mutated nucleotides. Brackets indicate
boundaries of the R1 and the truncated MEF2 sites.(B) Mutation of R1 boosts promoter activity and compromises specificity of the TpnC41C promoter
fragment. Upper diagrams show relative position of the R1 site within the promoter-nlacZ. Below the diagrams are representative images of cryosections of
the transgenic flies stained with: Phalloidin (green, left panels), to reveal the thoracic muscles; anti-B-galactosidase (red, center panels), to reveal nuclear 3-
galactosidase accumulation; and X-Gal (blue, right panels), to reveal nuclear -galactosidase activity. The TDT is outlined, and asterisks indicate the flight

muscles. Scale bar, 100pm.

doi:10.1371/journal.pone.0144615.g005

these two cases, additional regulatory elements are necessary for full enhancer activity [37, 22],
much like we observe here for TpnC41C. In other instances, multiple MEF2 sites have been
identified within regulatory elements (see for example [38]). It is currently not apparent why
such different enhancer architectures might exist. Our data also indicate that in tissue culture
assays MEF2 can cause modest activation of TpnC41C-lacZ even when the MEF2 site is
mutated. This may arise from MEF2 interacting with a non-canonical site, as has been previ-
ously observed for MEF2, in particular when activation of the target gene occurs through col-
laboration of MEF2 with co-factors [39].

A method we used to identify regulators of TpnC41C was to use the promoter to purify
DNA binding factors from nuclear extracts. Using this approach, we identified MEF2 as a fac-
tor bound to the wild-type sequence, that was not bound to a MEF2-mutated version of the
promoter. This provided strong support for our data suggesting that MEF2 was a regulator of
TpnC41C. On the other hand, while we hoped that this approach might identify additional reg-
ulators of the TpnC41C promoter, relatively few additional DNA-binding factors interacted
with the sequences used as bait, and a number of muscle structural proteins were also detected
(see S1 Table). Therefore, while this approach has promise for identifying novel transcriptional
regulatory factors, it still needs to be optimized. One possible avenue for optimization is to
carry out a more quantitative analysis of protein binding to the promoter fragment, using sta-
ble isotope labeling by amino acids in cell culture (SILAC)[40]. This approach has been opti-
mized for use in developing Drosophila [41].

Proximity of the TpnC41C repressor site to the MEF2 site

While we have yet to identify the factor that suppresses TpnC41C promoter activity in the flight
muscles, we have localized its binding site to a position close to the MEF2 site that is required
for maximum gene activation. One potential mechanism for repression by this factor is that it
is expressed in non-tubular muscles such as the flight muscles, and functions by sterically
blocking MEF2 from interacting with its site. Among many other examples, this mechanism is
similar to that employed by Sp3 in inhibiting Sp1-mediated gene activation (reviewed in [42]).

We also note that mutation of the repressor site, termed R1, causes an increase in promoter
activity in the jump muscles, suggesting that the repressor may be expressed strongly in non-
tubular muscles, but also at low levels in the TDT. One candidate repressor may be the zinc fin-
ger transcription factor Spalt-major, that is detected in the flight muscles and functions there
to suppress jump muscle fate [10], and that also is expressed at low levels in the jump muscles
[12]. However, the published DNA binding specificity for Spalt proteins [43] does not match
closely the sequence of R1.

An alternative interpretation of the effects of R1 mutation is that the R1 repressor site repre-
sents a location at which promoter activity is globally repressed, and jump muscle-specific gene
expression is achieved through over-riding such repression. Such an interpretation would
imply that the TpnC41C-lacZ reporter is active in the flight muscles, albeit at very low levels,
and that mutation of R1 simply enables higher levels of reporter expression in both muscle
types. Although in our experiments we never observed specific expression from the wild-type
TpnC41C-lacZ reporter in the flight muscles, a recent paper reported low levels of TpnC41C in
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IFMs [44]. This fact can be an argument in favor of the second model. Overall, our studies rep-
resent a detailed analysis of the sequences that control expression of a tubular muscle-specific
gene in Drosophila, and uncover mechanisms for how tubular muscle fate might be specified.

Supporting Information

S1 Table. Proteins identified binding to wild-type (WT) and MEF2 site-mutated (MEF2)
TpnC41C regulatory sequences.
(XLSX)
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