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Abstract

The myocyte enhancer factor-2 (MEF2) family of transcription factors play key roles in the
activation of muscle structural genes. In Drosophila, MEF2 accumulates at high levels in the
embryonic muscles, where it activates target genes throughout the mesoderm. Here, we identify
the Transglutaminase gene (Tg; CG7356) as a direct transcriptional target of MEF2 in the cardiac
musculature. Tg is expressed in cells forming the inflow tracts of the dorsal vessel, and we identify
the enhancer responsible for this expression. The enhancer contains three binding sites for MEF2,
and can be activated by MEF2 in tissue culture and in vivo. Moreover loss of MEF2 function, or
removal of the MEF2 binding sites from the enhancer, results in loss of Tg expression. These
studies identify a new MEF2 target in the cardiac musculature. Furthermore, given the relevance
of transglutaminase genes to human disease, these studies provide a possible mechanism for their
activation.

INTRODUCTION

Transglutaminases comprise a family of proteins whose function is to carry out protein-
protein cross-linking activities. A number of vertebrate transglutaminase genes have been
characterized functionally, and are known to be involved in cellular processes as diverse as
blood clotting, maintenance of epithelial cell sheets, atherosclerosis, apoptosis and semen
coagulation (reviewed in Griffin et al., 2002). Mutations in transglutaminase genes are
known to result in a number of disorders including lamellar ichthyosis (Huber et al., 1995),
peeling skin syndrome (Cassidy et al., 2005), and Factor X111 deficiency (see for example
Standen and Bowen, 1993). Furthermore, transglutaminase dysregulation is associated with
a number of human pathologies (Griffin et al., 2002). Clearly, understanding how the
expression of transglutaminase genes is controlled has significant biomedical relevance.

Given the relatively broad expression patterns of several transglutaminase genes, the
regulatory mechanisms contributing to their expression are likely to be highly variable.
Indeed, a number of promoter and enhancer elements have been identified which impact
transglutaminase gene expression in tissue culture, and these characterized elements respond
to both ubiquitous and signal-specific factors, such as SP1 (Dubbink et al., 1999; Kida et al.,
1999), AP2 (Mariniello et al., 1995), and retinoid receptors (Nagy et al., 1996). However,
direct in vivo transcriptional activators of transglutaminase genes have yet to be identified.

The insect Drosophila has a single Transglutaminase gene (Transglutaminase, Tg; also
called CG7356) whose predominant expression in the embryo appears to be in the cardiac
tissue. The embryonic cardiac tissue comprises the dorsal vessel, a small pulsating tube
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which transports hemolymph from the posterior of the animal towards the head (reviewed in
Cripps and Olson, 2002; Tao and Schulz, 2007). Hemolymph enters the dorsal vessel via
specialized inflow tracts termed ostia, and is dispersed near the brain. Hemolymph then
percolates back through the body cavity, before re-entering the cardiac tube for further
circulation (Rizki, 1978).

The cardiac inflow tracts are generated from a subset of cardial cells which express the
orphan nuclear receptor gene seven-up (svp). There are seven sets of Svp cells in the dorsal
vessel, the most posterior three of which form ostia in the embryo and larva (Molina and
Cripps, 2001; Ponzielli et al., 2002), and the remaining Svp cells form ostia in the adult
stages (Monier et al., 2005; Sellin et al., 2006; Wasserthal, 2007). Since a mammalian Svp
ortholog named COUPTFII is required for cardiac inflow tract formation in mice (Pereira et
al., 1999), understanding gene regulatory patterns in the Svp cells in Drosophila is likely to
provide important information into how cardiac inflow tracts might be genetically specified.

Recent gene expression analyses carried out by the Berkeley Drosophila Genome Project
(Tomacak et al., 2002) indicated that Tg expression might occur in the Svp cells of the
embryo, although in the absence of double-stained samples this point has yet to be fully
demonstrated. If we could confirm the cardiac-specific expression of Tg, identifying the
transcriptional regulators of this gene would provide important insight into cardiac gene
regulatory mechanisms. Such findings would also impact our understanding of
transglutaminase gene regulation in general.

Here, we have identified the enhancer which regulates expression of Tg, and we have
determined that indeed Tg is expressed within the cardiac tissue. By analyzing the
expression of both Tg and the Tg-lacZ fusion in mutant backgrounds, we show that
Drosophila Transglutaminase expression is activated by the muscle transcription factor
Myocyte enhancer factor-2 (MEF2), via three specific MEF2 binding sites. Removal of
these binding sites from the enhancer completely eliminates enhancer activity. These studies
define the first mechanism for tissue-specific transcriptional regulation of a transglutaminase
gene in vivo, and stand to provide critical insight into the transcriptional regulation of
transglutaminase genes.

EXPERIMENTAL PROCEDURES

In situ hybridization

To generate an antisense probe specific for Tg, the plasmid pFLC1/Tg was obtained from
the Drosophila Genomics Resource Center (clone number: RE08173). This plasmid was
linearized with EcoR1 and probe was synthesized using T3 RNA polymerase. Sense probe
was synthesized using T7 RNA polymerase, following linearization of the plasmid with
BamH1.

In situ hybridization was carried out as described by O’Neill and Bier (1994). Detection was
either using a digoxigenin labeled riboprobe and alkaline phosphatase-linked secondary
antibody, stained using NBT/BCIP; alternatively, fluorescent in situ hybridization was
carried out using a biotinylated riboprobe and fluorescein-labeled anti-biotin. No consistent
stain was observed using sense probes.

Antibody staining

Antibody detection of epitopes was carried out according to Patel (1994). Primary antibodies
were anti-$-galactosidase (Promega Corp., 1:1,000), anti-MEF2 (Lilly et al., 1995, 1:1000),
anti-Tinman (Xu et al., 1998 1:500), and anti-Pericardin (Chartier et al., 2002; 1:4). For
immunohistochemistry, primary antibody localization was detected using the ABC detection
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kit and diaminobenzidine staining reagent from Vector Laboratories. Stained embryos were
cleared in glycerol and photographed using an Olympus BX51 microscope. For fluorescent
detection, secondary antibodies were 488- or 568-Alexa fluor conjugates (Molecular Probes,
Inc.), used at 1:2,000. Fluorescent images were captured on an MRC-600 confocal
microscope using T1 and T2A filters (Biorad, Inc.). Digital or scanned images were
assembled using Adobe Photoshop.

DNA methods

DNA manipulations were performed using standard techniques (Sambrook et al., 1998).
Candidate Tg enhancer fragments were generated by PCR, and cloned into the pGEM-T
Easy vector (Promega Corp.). DNA was then excised and cloned into the hsp-lacZ
transformation vector CHAB (Thummell and Pirrotta, 1992). Primers used for each
construct were as follows. For region 1: 1a enhancer fwd (5-AGCCATAAAGCGCACTGC)
and la enhancer rev (5'-CGATCGGTCGTCTTCTCCC); for region 2: 1b enhancer fwd (5'-
GTTGGTTTCAATCGCCAA) and 1b enhancer rev (CGGTTAACGAGAGGGGCTA); for
region 3: 1b-Copia fwd (5'-CATTAAAATGGGATTTTAATTGG) and 1b-Copia rev (5'-
GTGAATAGTTGAACCGCCC) ; for region 4 (+12,231/+13,046): Doc-exon2+ (5'-
GCATATTGCTGCAATTGG) and Doc-exon2- (5-TAAGTATTTTCGGCAGGG).
Mutagenesis was carried out according to Horton (1993).

Double-stranded oligonucleotides for DNA binding assays were generated by annealing
complementary oligonucleotides corresponding to the wild-type or mutant sequences to be
tested. Each 10-bp MEF2 site was flanked by 10bp of corresponding genomic sequence.
Oligonucleotide pairs were designed so that, once annealed, each end of the molecule had a
5'-GG overhang. Overhangs were filled in using Klenow enzyme (New England Biolabs)
and 32P-dCTP. Radioactive probes were purified in G25 spin columns (Roche), and diluted
to 50,000cpm per pl. The control MEF2 binding sequence is from the Act57B gene (Kelly et
al., 2002).

MEF2 protein was synthesized in vitro using rabbit reticulocyte lysate (Promega Corp.) and
a Mef2 expression plasmid (Lilly et al., 1995).

DNA binding assays

Electrophoretic mobility shift assays were essentially as described by Sambrook et al.
(1998). Each shift reaction contained radioactively labeled probe DNA (50,000cpm),
competitor DNA (if required; 100-fold molar excess), polydl.dC (1ug), 5X binding buffer
(2ul; Gossett et al., 1989), and reticulocyte lysate (3ul). Reactions took place at room
temperature for 20 minutes, after which the reactions were loaded on a 5% w/v non-
denaturing polyacrylamide gel and separated by electrophoresis. Gels were dried and
exposed to film.

Tissue culture

Drosophila S2 cells (SL2, Drosophila Genomics Resource Center) were cultured in
Schneider’s medium (Invitrogen) supplemented with 10% fetal bovine serum (Gibco), at
25°C. Reporter assays were carried out essentially as described before (Kelly Tanaka et al.,
2008). Briefly, cells were plated in 24-well plates and transfected with 0.5 ug/well plasmid
DNA of various compositions and 5ul/well transfection reagent Cellfectin (Invitrogen),
diluted in serum-free Schneider’s medium. Plasmid DNAs that were used for assays
consisted of activator plasmid pPac-Pl-Mef2, coding for wild type Mef2 (Kelly Tanaka et
al., 2008) and one of the reporter plasmids (either +12,231/+13,046 or +12,702/+12,953 or
+12,702/+12,952-mutant) mixed at ratio 1:9. For control, the activator plasmid was
substituted with an empty vector pPac-Pl. Transfections were carried out with duplicated
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samples. After overnight incubation fresh full growth medium was added and cells were
incubated for an additional 24 hours. At the end of incubation cells were lysed in M-Per
Extraction Reagent (Pierce) and B-galactosidase activity was determined using All-in-One
Mammalian B-Galactosidase Assay Kit (Pierce). p-galactosidase activity was normalized by
protein concentration determined for each sample in a separate, Bradford-based protein
assay (Bio-Rad). Activities of reporter constructs were calculated as folds of difference
between B-galactosidase activities obtained for samples cotransfected with the activator
plasmid versus empty vector. Final results represent data pooled from three independent
transfections + standard error of the mean (SEM).

Drosophila methods

RESULTS

Drosophila were grown at 25°C on Carpenter’s medium (Carpenter, 1950). 69B-Gal4
(Brand and Perrimon, 1993) was obtained from the Bloomington Drosophila Stock Center;
UAS-Mef2 was described in Cripps et al. (2004). Mef2 mutant embryos were obtained from
the stock CyO, wg-lacZ / Mef2P>#4, and were identified at stage 16 based upon the abnormal
gut phenotype characteristic of these mutants (Ranganayakulu et al., 1995). P-element
mediated germline transformation was carried out according to Rubin and Spradling (1984).
Briefly, injected y w embryos were screened in the G2 generation for the rescue of the white
eye color phenotype. Homozygous lines were established using standard methods. At least
three transgenic lines were analyzed for each construct.

For ectopic expression of Mef2, homozygous UAS-Mef2 females were crossed to either
homozygous 69B-gal4 or Tg-lacZ/+; 69B-gal4/+ heterozygotes. In the latter instance, initial
stains were carried out using fluorescent detection, and immunohistochemical stains were
carried out for documentation in the images.

Identification of Tg as a cardiac-restricted transcript

The Tg gene is located on the second chromosome at cytological location 28D3. Genome
annotations have identified that it comprises two alternate promoters, for which both exons
are spliced to two downstream exons, thus generating two putative polypeptide products
(Grumbling et al., 2006; Figure 1A).

In order to confirm the reported expression pattern of Tg, we generated a digoxigenin-
labeled riboprobe from a cDNA for the gene, and hybridized this probe to Drosophila
embryos. We found that the earliest specific expression of Tg was at stage 14, with
hybridization detected in a location just ventral to the pharynx (Figure 1B). By stage 15, Tg
transcripts were detected in a dorsal region close to the head which was identified as the
precursors of the cardiac outflow region (Zikova et al., 2003), as well as at low levels in
seven bilateral pairs of cells corresponding to the cardiac Svp cells (Figure 1C, D). By stage
16 (Figure 1E) strong Tg expression was observed in the cardiac outflow tract, the seven sets
of Svp cells, and also at low levels in Tin-expressing cardial cells in the heart. These data
confirm and expand upon the expression data previously reported.

Given that the predicted Tg gene structure comprises two alternate promoters, we also
sought to determine if each promoter is used during development. RT-PCR analyses
confirmed that transcripts containing each exon could be identified, and during the
embryonic stage transcripts utilizing the downstream promoter predominated (data not
shown). However, due to the relatively small size of the first exons, we were unable to
generate exon-specific probes which were sensitive enough to detect transcripts via in situ
hybridization.
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Identification of the cardiac enhancer for Tg

The transcribed region of Tg spans 16kb, much of which is comprised of two transposable
elements (copia and Doc). These elements are located within the large intron separating the
two 5’ exons from the two 3’ exons. In order to identify sequences responsible for expression
of this gene, we amplified genomic fragments and tested them for enhancer activity in
transgenic animals (see Figure 1A for locations of regions tested).

Only one of the genomic regions tested showed cardiac-specific enhancer activity. When
fused to a minimal promoter and lacZ reporter gene, region 4 directed lacZ expression in
embryos in all of the major locations of expression of the endogenous Tg gene. This
included the pharyngeal region and Svp cells at stage 15 (Figure 2A, B), and additionally the
cardiac outflow region by stage 16. The timing of expression is slightly delayed compared to
the endogenous gene, although that is likely a result of detecting R-galactosidase as a
reporter rather than lacZ transcripts.

To more effectively confirm that the enhancer (and thus the endogenous Tg) was active
precisely in the cardiac cells, we carried out double-immunofluorescent staining of
transgenic embryos, using antibodies for the 3-galactosidase reporter and cardiac markers.
Stained embryos were analyzed by confocal microscopy.

When we stained embryos for accumulation of the muscle transcription factor myocyte
enhancer factor-2 (MEF2) alongside R-galactosidase, we observed co-localization of MEF2
with R-galactosidase in the Tg-lacZ expressing cells of the cardiac tube. This confirmed that
Tg-lacZ was expressed in cardial cells of the dorsal vessel, and not in pericardial cells nor in
nearby tissues (Figure 2E-E™’). In order to determine which cardial cells expressed Tg the
most strongly, we next determined if the accumulation of Tin and R-galactosidase were
overlapping. In this case, there was not overlapping accumulation of Tinman protein with
the cells expressing the highest levels of Tg-lacZ. Since the muscular dorsal vessel
comprises cells which either express tin, or cells which express svp and not tin, these data
indicated that Tg is expressed most strongly in the Svp cells of the dorsal vessel (Figure 2F-
F””). Taken together, these studies confirm the expression of Tg in Svp cells of the dorsal
vessel. This finding is important, since relatively few Svp cell-specific enhancers have been
identified to date (Gajewski et al., 2000; Ryan et al., 2007; this study).

Dependence of enhancer activity upon MEF2

In order to identify candidate regulators of Tg in the embryo, we next sought to identify
regulatory genes whose function was required for Tg expression. Whereas Tg was still
expressed normally in homozygous svp mutants (data not shown), we found that endogenous
Tg was not expressed in Mef2 mutant animals (Figure 3A,B). This result suggested that at
least the cardiac component of Tg expression might depend directly upon MEF2. By
contrast, Tg expression in the region below the pharynx was unaffected in Mef2 mutants
(Figure 3 A, B insets). To confirm this result, we studied the cardiac expression of Tg-lacZ
in mutant embryos, and found that this reporter was also inactive in a Mef2 mutant
background (Figure 3 C,D).

In order to explore the regulation of Tg by MEF2 in more detail, we next studied the
expression of Tg and Tg-lacZ in the presence of ectopically-expressed Mef2. To achieve this,
we utilized the Gal4-UAS expression system (Brand and Perrimon, 1993): here, we crossed
the ectodermal driver 69B-gal4 to a UAS-Mef2 line, and studied the expression of Tg and
Tg-lacZ in the resulting embryos. For the endogenous Tg gene, we observed a very slight
pattern of ectopic gene activation in the experimental embryos (compare Figure 3E with F).
There was a mild induction of Tg expression in several tissues in the head region (Figure
3F), as well as in the salivary glands (not shown). Given the broad activity of 69B-gal4 in
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the ectoderm, this pattern of induction seemed remarkably subdued for a putative MEF2
target gene. Furthermore, what little activation we saw was largely confined to stage 16
embryos.

To determine if this pattern of ectopic activation by MEF2 was shared between the
endogenous gene and the enhancer-lacZ transgene, we carried out the same experiment in
Tg-lacZ embryos. Here, we observed a similar result: there was some ectopic activation of
Tg-lacZ expression in the head (Figure 3G,H), although the number of tissues showing
ectopic activation was relatively small.

Whereas the strongest activation of a UAS-lacZ transgene by 69B-gal4 at stage 16 is in the
head region and the salivary glands (data not shown), consistent with the most obvious
ectopic activation of Tg and Tg-lacZ, our ectopic expression assays nevertheless indicated
only a mild ability for MEF2 to activate Tg sequences. One possible explanation for this
result is that MEF2 does not activate Tg directly and it instead functions via an intermediate
regulator. An alternative hypothesis is that the effect of MEF2 upon Tg is attenuated due to
there being only a few sub-optimal MEF2 binding sites within the gene.

Arrangement of MEF2 binding sites in the Tg enhancer

To distinguish between these possibilities we first sought to identify any MEF2 binding sites
within the enhancer that we had isolated, by examining the sequence for instances of the
MEF2 consensus 5YTAWWWWTAR (whereY =CorT; W=AorT; R=A or G; Andres
et al., 1995). Examination of the enhancer revealed that there were no consensus MEF2
binding sites, however there were five instances of a sequence comprising a single mis-
match to this consensus. These sequences are labeled M-a through M-e in the schematic in
Figure 4A, and their sequences are shown alongside the MEF2 consensus sequence (Andres
et al., 1995) in Figure 4B. Regarding the M-a sequence which contains a C rather than a
purine at the last position: while this site does not match the MEF2 consensus, we note that
this sequence can bind MEF2 according to the initial studies of Andres et al (1995).
Furthermore, a MEF2 site of this sequence is biologically relevant in the murine HRC gene
(Anderson et al., 2004).

In order to further define the potential significance of these sequences, we also compared the
Tg enhancer to that of the corresponding gene from the related species D. pseudoobscura.
Interestingly, only the 3’ end of the enhancer showed strong sequence conservation,
encompassing the M-d and M-e putative binding sites (Figure 4C). Within this region,
neither putative MEF2 site was directly conserved, although a motif close in location and
sequence to M-d was present. The M-e sequence was quite well conserved in D.
pseudoobscura, however it contained an additional point change which rendered it less
likely to represent a MEF2 binding site.

To determine if any of the putative MEF2 binding sites were capable of interacting with
MEF2 protein, we carried out electrophoretic mobility shift assays. In an initial round of
experiments, we mixed each probe with MEF2-containing lysate and separated the samples
by electrophoresis. This revealed that three of the probe sequences (M-a, M-c, and M-d)
showed binding to MEF2 protein, whereas the remaining probes (M-b and M-e) could not
interact with MEF2 (data not shown).

Next, to determine if the observed interactions between the probes and MEF2 were
sequence-specific, we carried out binding assays which also included competition with
specific and non-specific sequences (Figure 5). For each of the double-stranded
oligonucleotides tested, we observed the presence of a band corresponding to complexed
MEF2-DNA,; furthermore, the intensity of this band was strongly sensitive to the presence of
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non-radioactive competitor, but band intensity was not diminished in the presence of mutant
competitor. These studies indicated that MEF2 could interact specifically with each of the
candidate MEF2 binding sites M-a, M-c and M-d.

To further test the ability of MEF2 to interact with and to activate the Tg enhancer, we
carried out co-transfection assays. Here, Drosophila Schneider Line 2 (SL2) cells were
transfected with an expression plasmid containing a Mef2 cDNA, and a reporter plasmid
carrying a version of the Tg enhancer. The ability of MEF2 to activate the various enhancer
fragments was calculated as a fold-activation of reporter expression when compared to the
absence of the activator. All the different reporter plasmids had essentially the same
background expression levels in the absence of activator protein. For the reporter plasmids,
we assayed three constructs: the wild-type full-length enhancer (+12,231/+13,046); a
truncated enhancer which removed the two 5’ MEF2 sites but which left M-d intact
(+12,702/+12,952); and the truncated enhancer in which the M-d sequence had been
mutated (+12,702/+12,952mutant). The data from this experiment are summarized in Figure
6.

We found that the activation of these enhancers followed precisely the presence and number
of MEF2 binding sites that we had identified in the DNA binding assays: the full-length
enhancer was activated four-fold in the presence of MEF2; the truncated enhancer was
activated only two-fold in the presence of MEF2; and the truncated mutant enhancer was not
efficiently activated by MEF2. These studies established that MEF2 could activate the Tg
enhancer via the characterized MEF2 binding sites.

To further test the relationship between the presence of the MEF2 binding sites and the
function of the Tg enhancer, we also tested the activity of the different enhancer constructs
in transgenic animals in vivo. Whereas the wild-type enhancer could generate robust reporter
gene expression in the Svp cells of the dorsal vessel (Figure 7A) the truncation which
removed the two 5" MEF2 sites strongly reduced reporter gene expression (Figure 7B).
Further mutation of this truncated enhancer to ablate the M-d MEF2 site completely
abolished reporter expression in all six transgenic lines assayed (Figure 7C). These studies
thus further supported the model that MEF2 functions in vivo as an activator of the
transglutaminase gene Tg.

DISCUSSION

Transglutaminase genes play a variety of roles during mammalian development and disease,
and are of particular interest given their versatile functions in biology. Significant effort has
been expended in identifying regulators of transglutaminase genes, and some candidate
activators have been identified. Here we have taken an approach to define the Drosophila
regulators of the insect transglutaminase, Tg: we have characterized the expression pattern
of this gene, located the enhancer responsible for the expression pattern, and we have
demonstrated that the enhancer is a direct transcriptional target of the muscle regulator
MEF2. These findings are significant since they identify yet another function for MEF2,
already characterized as an important transcription factor active in a variety of animal tissues
(Pothoff and Olson, 2007).

At the genomic level, Tg occupies a relatively congested area of the chromosome, in which a
large number of transcriptional units have been identified. There is currently no evidence
that any of these transcriptional units might be functionally related. Nevertheless, the
compact nature of the genomic region made it relatively simple to identify the Tg enhancer:
one fragment was positive amongst only four fragments tested.
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The function of Tg in the embryo has yet to be fully defined by mutant analysis. While
outside the scope of this work, we note that many transglutaminase proteins are secreted
from the cell, and a major transglutaminase in humans is the clotting factor Xllla. The
location of Tg expression in the cardiac inflow and outflow tracts suggests that, if it also is
secreted, it would be readily dispersed within the hemolymph and might thus function in the
characterized wound healing response (reviewed in Galko and Krasnow, 2004; Theopold et
al., 2004). Indeed, transglutaminase activity has recently been characterized at sites of clot
formation in Drosophila larvae (Karlsson et al. 2004), and systemic knock-down of Tg
expression affects clot formation (Lindgren et al 2008). Nevertheless, accumulation of Tg
transcripts in cells other than the cardiac tissue (such as in the vicinity of the pharynx),
suggest that Tg protein might play additional roles during development.

What is the role of MEF2 in Tg activation ? Clearly MEF2 is not sufficient for Tg expression
given the ectopic expression data presented above, which showed only mild ectopic
activation of the endogenous gene or the cardiac enhancer. Similarly, while MEF2 can
activate Tg-lacZ in tissue culture, under these conditions MEF2 is likely to be present at
super-physiological levels. Moreover, MEF2 accumulation in the embryo is broad within the
mesoderm, whereas Tg expression is restricted to the Svp cardial cells. On the other hand,
MEF?2 is essential for Tg expression, based upon the mutant analyses presented, and also
based upon the enhancer deletion and mutagenesis assays. The most reasonable conclusion
from all of these data is that MEF2 somehow provides a muscle or cardiac context, in which
other regulatory factors must function. Perhaps MEF2 occupancy of the enhancer is
necessary to provide an epigenetic signal in which other factors function to activate gene
expression. Alternatively, it is possible that MEF2 provides a context for activation
throughout the cardiac tube, but where expression in Tin cells is repressed. For either of
these possibilities, it is likely that MEF2 functions on the Tg enhancer alongside tissue-
restricted co-factors, and that these co-factors must be present to enable MEF2 to fully
activate the Tg gene.

What might be the identity of the additional Tg regulators ? The Svp cells are named based
upon the expression of the orphan nuclear receptor gene svp (Bodmer and Frasch, 1999;
Gajewski et al., 2000), however Tg expression is normal in svp mutants. Genetically
downstream of svp in the cardial cells are the T-box transcription factors Doc1-3. While
Docl-3 are expressed in Svp cells, their expression there depends upon svp function (Lo and
Frasch, 2001), thus these factors seem unlikely to be candidate regulators for Tg. It is
therefore possible that whatever factors regulate svp expression in the cardiac tube might
also impact Tg expression. Identification of how Tg expression is restricted to the Svp cells
should provide additional new insight into how this novel pattern of expression is controlled.
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Figure 1. Structure and expression of Transglutaminase

A: GBrowse image from FlyBase (Grumbling et al., 2006; url:
http://flybase.bio.indiana.edu) depicting the genomic region of Tg (CG7356). Blue bars
represent transcribed regions; black boxes and lines represent exons and introns of the
mature mRNA,; yellow boxes and lines represent coding regions. The copia and Doc
transposable elements are indicated by pink lines. The extent of the riboprobe used for in
situ hybridization is indicated at the bottom, as are the regions (numbered 1-4) tested for
enhancer activity. B-D: Hybridization pattern of the antisense Tg riboprobe to wild-type
embryos. B: At stage 14, the earliest expression was seen in the region close to the pharynx
(ph). C, D: At stage 15 hybridization was detected in the Svp cells of the heart region (ht)
and in the developing cardiac outflow region (cor). E: By stage 16, mature expression of Tg
was observed in the Svp cells of the dorsal vessel (arrowheads), in the cardiac outflow
region, and at lower levels in the non-Svp cells of the heart. All embryos are oriented with
anterior to the left. B and C are sagittal views, D and E are dorsal views. Bar, 100um.
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Figure 2. Identification and characterization of the Tg cardiac enhancer

Embryos were stained for accumulation of 3-galactosidase in Tg enhancer-lacZ transgenic
embryos. A-D: Diaminobenzidine-stained embryos document the time-course of enhancer-
lacZ expression. A, B: Enhancer activity was detected at stage 15 in the pharyngeal region
(ph) and in the Svp cells (arrowheads) of stage 15 embryos. C, D: By stage 16, there was
strong pharyngeal expression, faint signal in the cardiac outflow region (arrowhead), and
robust B-galactosidase accumulation in the Svp cells. Note also that there was some reporter
expression in the Tin cells of the heart (Ht), mirroring expression of the endogenous gene in
the same cells. E-E”’: Accumulation of 3-galactosidase in the dorsal vessel of transgenic
embryos (E, green) overlapped with that of MEF2 (E’, red). Both channels are shown in E”
and at higher magnification in E”’. Arrowhead indicates a cardial cell which was positive for
both R-galactosidase and MEF2. F-F””: Accumulation of 3-galactosidase in the dorsal vessel
of transgenic embryos (F, green) did not overlap with that of Tin (F’, red). Both channels are
shown in F” and at higher magnification in F”. Arrowhead indicates a Svp cell which was
positive for -galactosidase and negative for Tinman. All embryos are oriented with anterior
to the left. A and C are sagittal views, the rest are dorsal views. Panels in E and F were
generated by confocal microscopy. Bar: 100um for A-D; 75um for E-E” and F-F”’; 30um for
E” and F’.
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Figure 3. Dependence of Tg expression upon MEF2

Tg transcription (A, B) and Tg-lacZ expression (C, D) were robust in the dorsal vessel of
wild-type (A, C), but absent in Mef2 mutants (B, D). Note that Tg expression in the sub-
pharyngeal region was not affected by the absence of MEF2 (insets in A, B). Tg transcripts
in A and B were visualized either using fluorescent in situ hybridization and detected by
confocal microscopy, or by immunohistochemical staining following in situ hybridization
(insets). Tg-lacZ expression was detected in C and D via immunofluorescence for R-
galactosidase protein (green), and the location of the dorsal vessel was demonstrated by
immunofluorescence for the pericardial cell marker Pericardin (red). Tg transcription (E, F)
and Tg-lacZ expression (G, H) were also detected in either wild-type embryos (E, G) or
those in which ectopic Mef2 expression had been induced (F, H). In this experiment, only
mild ectopic activation of the target gene was observed in the head regions of embryos
(arrows in F and H). Embryos are oriented with anterior to the left. A-D are dorsal views; E-
H and insets are sagittal views. Bar, 100um.
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Figure 4. Identification of putative MEF2 sites in the Tg enhancer

A: Schematic diagram of the enhancer, showing the locations of five putative MEF2 binding
sites (labeled M-a through M-e). The region of the enhancer most conserved with D.
pseudoobscura is indicated as a gray box. B: Comparison of the sequences of the five sites
with the MEF2 consensus. Mismatches to consensus are indicated with white highlights. C:
Conservation of Tg enhancer sequences between D. melanogaster and D. pseudoobscura.
Note that, whereas the M-d sequence is not conserved, a nearby sequence in D.
pseudoobscura (bracketed) contains a putative MEF2 site.
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Figure 5. DNA binding assays identify three MEF2 sites within the Tg enhancer

Results from electrophoretic mobility shift assays demonstrating specific interaction
between the M-a, M-c, and M-d dsDNA probes and MEF2 protein. Note the absence of a
band at the level of Bound probe when unprogrammed lysate (U) was added to the reaction.
Inclusion of programmed lysate (P) in the absence of competitors resulted in the formation
of a specific band. The intensity of this band was strongly attenuated in the presence of 100-
fold excess of non-radioactive wild-type dsSDNA competitor, but band intensity was not
affected when unlabeled mutant dsDNA competitor is added. C refers to a control MEF2-
binding probe from the Act57B gene (Kelly et al., 2002).
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Figure 6. Co-transfection assays demonstrate that MEF2 is an activator of the Tg enhancer

The relative levels of R-galactosidase accumulation in SL2 cells were calculated after a Mef2
expression plasmid was co-transfected alongside Tg enhancer-lacZ reporters. The wild-type
enhancer (+12,231/+13,046) was reproducibly activated by MEF2 (first bar), compared to
activation by empty expression vector (set at 1.0). Truncation of this enhancer fragment to
+12,702/+12,952, which removed the two 5'-most MEF2 binding sites, resulted in a strong
reduction in the level of activation of the reporter by MEF2 (second bar). Finally, mutation
of the remaining M-d site in this truncated enhancer further reduced activation to
background levels (third bar).
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Figure 7. In vivo activity of Tg enhancers
As diagrammed on the Left, the same enhancers used for co-transfection assays were tested
for enhancer activity in transgenic animals in vivo. Whereas the full-length enhancer was
strongly active in the cardiac cells (A), the truncated enhancer only showed very weak
activity in a few Svp cells (B, and arrows in B). Mutation of the M-d MEF2 site in this
truncated enhancer abolished reporter gene expression (C). Embryos are at stage 16 and
oriented dorsal side uppermost and anterior to the left. Bar, 100um.
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