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ABSTRACT Activity of the myogenic regulatory protein myocyte enhancer factor-2
(MEF2) is modulated by post-translational modification. We investigated the in vivo
phosphorylation of Drosophila MEF2, and identified serine 98 (S98) as a phosphory-
lated residue. Phospho-mimetic (S98E) and phospho-null (S98A) isoforms of MEF2
did not differ from wild-type in their activity in vitro, so we used CRISPR/Cas9 to
generate an S98A allele of the endogenous gene. In mutant larvae we observed phe-
notypes characteristic of reduced MEF2 function, including reduced body wall
muscle size and reduced expression of myofibrillar protein genes; conversely,S98A
homozygotes showed enhanced MEF2 function through muscle differentiation
within the adult myoblasts associated with the wing imaginal disc. In adults, S98A
homozygotes were viable with normal mobility, yet showed patterning defects in
muscles that were enhanced when the S98A allele was combined with a Mef2 null
allele. Overall our data indicate that blocking MEF2 S98 phosphorylation in myo-
blasts enhances its myogenic capability, whereas blocking S98 phosphorylation in
differentiating muscles attenuates MEF2 function. Our studies are among the first to
assess the functional significance of MEF2 phosphorylation sites in the intact animal,
and suggest that the same modification can have profoundly different effects upon
MEF2 function depending upon the developmental context.
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INTRODUCTION
yocyte enhancer factor-2 is a member of the MADS (MCM1, agamous, deficiens,
serum response factor) domain family of transcriptional regulators that play crit-
ical roles in a variety of developmental contexts (reviewed in Potthoff and Olson’).
Prominent amongst these roles is the regulation of muscle differentiation, where MEF2
factors are known to bind to AT-rich sequences in the promoters of a large number of
mammalian myofibrillar protein genes to enhance their expression.® This transcrip-
tional function for MEF2 is highly conserved across the animal kingdom, with cognate
MEF2 factors shown to regulate muscle gene expression in Drosophila.*® Moreover,
MEF?2 factors are essential in vivo for downstream activation of the muscle regulatory
program, since mutation of mef2 genes results in defects in muscle formation. For
example in mice, mef2c function is required early during development for heart and
smooth muscle differentiation®” and at birth for normal skeletal muscle maintenance.®
mef2a null mutant mice die around birth due to cardiovascular defects.” In zebrafish,
combined knockdown of mef2c and mef2d results in defects in muscle assembly."®
Similarly, in Drosophila the single-copy Mef2 gene is essential for differentiation of
both embryonic and adult muscle lineages."' ™
Nevertheless, the regulation of MEF2 activity is complex. Given that MEF2 factors
also contribute to the development of additional tissues, such as the immune system
and nervous system (reviewed in Potthoff and Olson') MEF2 function must be
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interpreted in a cell-type specific context. This could occur via cell-specific post-tran-
scriptional modification, or via interaction will tissue-specific co-factors, or a combin-
ation of these mechanisms. Indeed, numerous studies have investigated the impact of
protein kinases upon MEF2 function, including analyzing effects of these modifications
upon DNA binding in vitro and transactivation in tissue culture assays (reviewed in
Black and Cripps'?).

In addition, several reports have noted that MEF2 protein is detected in myoblasts
significantly prior to the onset of muscle differentiation, which has raised the question
as to how and why MEF2 activity may be restrained before cells receive a signal to dif-
ferentiate. In the Drosophila embryo, for example, MEF2 is detected by stage 6 of
embryonic development,'® but the earliest detectable phenotypes are a loss of target
gene expression at stage 11'® and a failure of myoblast fusion at stages 13-14.""13
Similarly, the adult myoblasts associated with the larval imaginal discs show MEF2
accumulation at least 18 h prior to a demonstrated role in adult myogenesis.'>'%'”

At least two mechanisms have been documented for the post-translational attenu-
ation of MEF2 function. Several groups characterized a phosphorylation-dependent
interaction of MEF2 with the class Il histone deacetylases (HDACs) 4, 5 and 7, in which
MEF2 bound to DNA and complexed with HDAC4 was unable to activate muscle differ-
entiation. Phosphorylation of HDACs results in their nuclear exclusion and release of
MEF2 to initiate muscle differentiation.®

In addition, post-translational modification of MEF2 has been associated with regu-
lation of its function. Prominent among the modifications is phosphorylation, that has
been shown to regulate DNA binding ability®® and transactivation ability (see for
example Han et al.>* and Cox et al.?®) Several cellular signaling pathways also converge
upon MEF2 to trigger its modification and impact its activity (reviewed in Black and
Cripps'®) Importantly, p38 MAP kinase has been shown to directly modify several
MEF2 residues in vitro in MEFZA,25 and P38 action on MEF2 potentiates its activity in
tissue culture studies.?® Modification of MEF2 by p38 likely arises from a direct physical
interaction between the two polypeptides, via a short p38 docking domain as defined
in MEF2A 2¢

Phosphorylation of MEF2 does not just increase its activation function: Badodi
et al.?” recently noted that MEF2 levels in C2 cells fluctuate during the cell cycle, being
significantly reduced in the G2 and S phases. The reduction in MEF2 levels during the
cell cycle arises from phosphorylation of the conserved serine residues S98 and S110,
which trigger degradation of MEF2 mediated by the ubiquitin ligase SKP2.278

These studies underline the importance of post-translational regulation of MEF2
function in the cell. Nevertheless, there is still much to learn of the in vivo modification
of MEF2 in intact organisms, and of its functional significance during development. In
this paper, we demonstrate that MEF2 is phosphorylated in vivo in Drosophila at S98,
and we test the requirement for this modification by generating an unmodifiable S98A
allele of the endogenous Mef2 locus using CRISPR/Cas9 genome editing. Detailed
phenotypic analyses of the Mef2°?** mutants, which are homozygous viable, indicated
that the S98A allele causes a reduction in MEF2 function during muscle differentiation,
but an increase in MEF2 function in myoblasts. These studies are among the first to
define in vivo the significance of MEF2 post-translational modifications, and underline
how a similar modification might have opposite effects upon protein function depend-
ing upon the cellular context or developmental stage.

RESULTS

Generation and expression of a tagged Mef2 allele. To generate an isoform of
MEF2 that could be purified from in vivo sources, we used the approach of Kyriakis
et al.? to create a TAP (tandem affinity purification)-tagged version of MEF2. The
design added a streptavidin binding moiety, a tobacco etch virus (TEV) protease site,
and two protein G domains, fused in-frame to the C-terminus of MEF2. This hybrid
cDNA was under the control of the inducible UAS promoter (Fig. 1A). To determine if
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FIG 1 Generation and validation of UAS-Mef2-CTAP. (A) Diagram of construct generated for expression of C-terminally TAP-tagged MEF2. The inducible UAS
promoter directs transcription of a fusion construct comprising the Mef2-RA cDNA, fused to streptavidin binding protein (SBP) and two protein G modules.
Two tobacco etch virus (TEV) sites are located between the SBP and protein G regions (not shown). (B) Expression of TAP-tagged proteins was tested in
Drosophila S2 tissue culture cells. Cells transfected with a constitutive Gal4 expression plasmid plus UAS plasmids expressing MEF2-CTAP or NTAP-Krz (lanes
2 and 3, respectively) showed accumulation of SBP-containing proteins of the correct predicted sizes. A smaller nonspecific band of apparent molecular
mass 60kD was detected in control plus experimental lanes. (C) Three independent transgenic lines carrying UAS-Mef2-CTAP were crossed to the
mesodermal driver 24B-Gal4 and embryos aged 0-16h were collected and processed for Western blotting with anti-SBP. Compared to control samples
(lane 1), all three transgenic lines showed robust accumulation of MEF2-CTAP. (D to F) Embryos of the indicated genotypes were stained with either anti-
MEF2 (D) or anti-SBP (E,F). (D) Control embryos show broad mesodermal accumulation of endogenous MEF2, with the punctate pattern indicating nuclear
localization. (E) Control embryos do not accumulate proteins cross-reacting with anti-SBP. (F) 24B > Mef2-CTAP embryos show broad mesodermal and
nuclear accumulation of MEF2-CTAP. Arrowheads indicate accumulation of MEF2-CTAP in segment border cells. Bar for DF, 100 um.

this construct directed the expression of full-length and tagged MEF2-CTAP, we trans-
fected the cDNA into Drosophila S2 tissue culture cells alongside a plasmid constitu-
tively expressing Gal4. Gal4 protein binds to the UAS sequence to activate expression
of the fusion protein. As a positive control, we also expressed an N-terminally TAP-
tagged isoform of the B-arrestin Kurtz (Krz>°)

We used anti-SBP to detect expression of the fusion proteins. Although there was a
background signal at 60 kD in both non-transfected and transfected cell lysates (Fig.
1B, lanes 1-3), the transfected cell lysates each showed accumulation of SBP-tagged
protein at the expected apparent molecular weights (Fig. 1B, lanes 2-3). We concluded
that the Mef2-CTAP construct could express full-length tagged MEF2 protein in a cellu-
lar system.

We next used P-element mediated germline transformation to generate transgenic
lines carrying the UAS-Mef2-CTAP construct. Three independent lines were tested for
their ability to express MEF2-CTAP by crossing transgenic flies to the mesodermal
Gal4line 24B-Gal4.3° From these crosses, embryos aged 0-16 h were harvested and
assessed for transgene expression via Western blotting with anti-SBP. Non-transgenic

w'"® embryos were used as a negative control. All three transgenic lines showed
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robust accumulation of a ~90 kD polypeptide corresponding to CTAP-tagged MEF2
(Fig. 1C, lanes 2-4), whereas no signal at the same molecular mass was observed in the
negative controls (lane 1).

To determine if the tagged MEF2 isoform accumulated in muscle nuclei in a manner
similar to the localization of endogenous MEF2, we analyzed protein accumulation in
fixed embryos at stage 16. At this stage, MEF2 in control w'’’® embryos showed broad
punctate accumulation in all muscle cells corresponding to the nuclear localization of
this transcription factor (Fig. 1D). Whereas anti-SBP staining did not detect specific sig-
nal in control embryos (Fig. 1E), the SBP epitope was detected in 24B > Mef2-CTAP
embryos in a pattern highly similar to the accumulation of endogenous MEF2 (Fig. 1F).
We observed additional MEF2-CTAP expression in cells at the segment border (Fig. 1F,
arrowheads). These cells are likely to be tendon cells, since it has been documented
that 24B-Gal4 is active in mesodermal cells plus tendon cells.?'

Based upon these data, we concluded that we could successfully express TAP-
tagged MEF2 in embryos, and that it stably accumulated in a nuclear pattern similar to
endogenous MEF2.

Identification of S98 as a phosphorylated residue of MEF2 in vivo. To identify
post-translational modifications of MEF2-CTAP, we used the affinity tags to attempt to
purify MEF2-CTAP from Drosophila embryos. To achieve this, we crossed 24B-Gal4
adults to UAS-Mef2-CTAP en masse and collected approximately 5g of embryos aged
0-16h after egg laying. We also collected lysate from approximately 5g of control
w'""8 embryos. We sought to purify MEF2-CTAP from embryo lysate based upon immo-
bilizing the protein to IgG resin via the protein G tag and then eluting MEF2-SBP fol-
lowing TEV protease cleavage. While we were able to effectively cleave the protein G
tag from MEF2-SBP, the protein remained lodged in the IgG column and could not be
eluted. To address this complication, we instead purified MEF2-CTAP in a single step
by binding to the IgG column, washing, and then eluting in SDS-PAGE sample buffer.
When analyzed by SDS-PAGE and silver staining, we observed a ~90 kD band in the
MEF2-CTAP lane that was absent in the control lane, albeit at low levels (Fig. 2A, arrow,
compare lanes 1 and 2). We excised this band and submitted it for tandem mass spec-
trometry analysis. The analysis identified a limited number of MEF2 peptides that cov-
ered 64% of the MEF2-PA isoform that was expressed and purified (Fig. 2B).
Importantly the spectrum covering serine-98 (S98) detected it as a phosphorylated
residue, indicating that this amino acid is phosphorylated in vivo (Fig. 2C). Notably, this
residue, and the surrounding amino acids, are strongly conserved across species (Fig.
2D), indicating that modification of this residue is likely to be an important control
point for regulating MEF2 function.

Assessing the functional significance of MEF2 modification in tissue culture. To
determine how MEF2°%%* phosphorylation affects Mef2 activity in vitro, we generated
wild-type, Mef2°%4, and Mef2°%%F alleles of Mef2 for expression in tissue culture cells,
and assessed their ability to activate a MEF2-dependent reporter from the ACTct57B
gene (Act57B-lacZ®). Wild-type MEF2 strongly activated the reporter compared to the
empty expression vector, as did both MEF259%* and MEF259%€ isoforms (Fig. 3A). We did
not observe any significant difference in B-galactosidase activity between the wild-
type and Mef2 S98 alleles, each of which activated reporter expression to the same
extent. These data indicated that any effect of S98 modification upon MEF2 function
were too mild to be detected using these assays, and prompted us to determine if
changes in MEF2 function through modification of S98 could be revealed using an
in vivo system.

Generation of an S98A allele of Mef2 using CRISPR/Cas9 genome editing. To
determine the functional significance of the S98 phosphorylation in vivo, we modified
the endogenous Mef2 gene by CRISPR/Cas9 genome editing, to generate a serine to
alanine alteration (S98A). The overall design for this approach is shown in Fig. 3B,
which depicts the relevant portion of the Mef2 coding sequence and its corresponding
predicted amino acid sequence. Part of the oligonucleotide sequence used for hom-
ology directed repair (HDR) is also indicated, with the red nucleotides corresponding
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FIG 2 Purification and proteomic analysis of MEF2-CTAP. (A) Control embryos and embryos expressing Mef2-CTAP in the mesoderm were harvested, and
TAP-tagged protein was purified using a single step purification (see text for details). Purified proteins were separated by SDS-PAGE and visualized by silver
staining. A band corresponding to MEF2-CTAP was observed in the experimental lane but not the control lane. This band was excised and submitted for
tandem mass spectrometry analysis. (B) Sequence of the MEF2-PA isoform, with yellow highlights indicate regions of the protein for which peptides were
detected. The only phosphorylated residue was serine-98 (red highlight). (C) Mass spectrometry spectrum for the peptide containing phosphorylated
Serine-98. (D) Sequence comparison between Drosophila MEF2 and human and murine MEF2A and MEF2C indicating that the serine-98 residue and
immediately adjacent sequences are either identical or conserved in all five sequences.
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FIG 3 Activity of MEF2 isoforms in tissue culture, and design and sequence analysis of the Mef2°*** allele. (A) Bar graph showing activation of the MEF2
target Act57B-lacZ by wild-type and mutant MEF2 isoforms in co-transfection assays. Note that all three MEF2 isoforms significantly activated reporter
expression, but did not differ significantly from each other in the extent of that activation. (B) Top, coding sequence of Mef2 surrounding serine-98. The
protospacer and PAM (protospacer adjacent motif) are on the reverse strand, but their corresponding regions are shown as underline and grey highlight,
respectively. Middle, amino acid sequence of the relevant region of MEF2, with S98 shown in red text. Bottom, partial sequence of the oligonucleotide
used for homology directed repair (HDR) showing the intended edits in red (alteration of serine codon to alanine codon) and green (introduction of an
Aval restriction site that does not affect the coding sequence). (C) Sequence analysis of one confirmed Mef2°?** allele. Top, wild-type Mef2 sequence with
Ser codon indicated. Bottom, Mef2°?%* allele showing the introduced Ala codon and the single nucleotide change to create the Aval site (asterisk).

to an alanine codon. We also included in the HDR sequence a silent mutation in codon
E100, that would introduce an Aval restriction site (5-CYCGRG) to assist in diagnosing
the modified locus following PCR amplification (green letter in HDR sequence). In the
end, since the Mef2*** allele proved to be homozygous viable, we did not use the
restriction enzyme approach and simply direct-sequenced PCR products from candi-
date lines. Using this approach, we isolated two lines in which the correct edits had
been generated in Mef2 with no other mutations to the coding sequence detected
(Fig. 3C). The Mef2°%®** mutant allele retained significant MEF2 function since the flies
were viable and fertile as homozygotes. Note that the two lines derived from inde-
pendent GO founder adults, indicating that they arose from independent editing
events. In the phenotypic analyses below, we demonstrate that both lines share the
most significant phenotypic effects, and distinguish the alleles by designating them
S98A-1 and S98A-2.

Phenotypic analysis of Mef259%” larvae. While the Mef2°*** homozygotes were
viable, we nevertheless reasoned that there might be subtle effects of this mutation
upon MEF2 function and thereby muscle formation. To test this hypothesis, we first
examined whether this mutation in Mef2 gene affects third instar wing disc associated
myoblast differentiation. Normally, these myoblasts remain in an undifferentiated pro-
liferative state throughout the three larval instars, and then undergo differentiation
during the early pupal stage to form the adult muscles. While we did not see any signs
of muscle differentiation in the wild-type wing disc myoblasts (n =23 discs stained for
F-actin and MHC accumulation), a portion of the Mef2*?** homozygotes exhibited
muscle specific protein expression in the myoblasts. F-actin was detected in the wing
disc of 13.6% of the Mef2°®**" mutants (n=22) and 16.7% of the Mef2°***2 mutants
(n=24). MHC accumulation was observed in 11.1% and 12.5% of the Mef2°%4"
(n=27) and Mef2°%®A2 (n =22) mutants, respectively (Fig. 4A to F). Thus, our results
demonstrate that Mef2°?®* homozygotes prematurely activate muscle differentiation
in the wing disc myoblasts. This phenotype was reminiscent of the effect of overex-
pression of Mef2, which also resulted in activation of myogenic program in the wing
disc associated myoblasts.3? Since premature muscle differentiation of myoblasts
might attenuate proliferation and deplete their pool size, we also compared the total
number of wing disc associated myoblasts in the wild-type and Mef2°***”" homozy-
gotes. However we did not observe any significant difference in the number of wing
disc myoblasts between control and experimental flies (Fig. 4G to I). Taken together,
our results suggest that the Mef2°9®* mutation moderately increased MEF2 function in
the myoblasts.
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FIG 4 Premature differentiation in wing imaginal discs. (A to F) Confocal micrographs of wandering third instar wing imaginal discs double-labelled for
MHC (green) and F-actin (red).There is a complete absence of MHC and F-actin staining in wild-type discs (A to C). (D to F) Mef2°%64" discs show both MHC
and F-actin staining. (G to H) Wild-type and Mef2*?**" discs associated myoblasts stained with ant-Zfh1 antibody. (I) Bar graph showing no significant
difference between wild-type and mutant myoblast pool. Scale bar, 50 um.

Since MEF2 contributes to multiple myogenic events, we next examined the effect
of the Mef2°?®” mutation on the larval body wall muscles. We focused our analyses on
one of the largest body wall muscles, VL3, where we compared VL3 muscle area and
the number of myonuclei between wild-type and Mef2*** mutants in wandering third
instar larvae. We found that the area occupied by VL3 muscles in both mutants was
significantly lower than in the wild-type samples (Fig. 5A to C). This reduction in the
muscle area in mutants might be either due to reduced muscle differentiation or due
to lower myoblast fusion resulting in fewer myonuclei. We did not observe any signifi-
cant difference in the number of VL3 myonuclei between the wild-type and Mef2°%*
mutants, although we did note that the mutant nuclei appeared smaller than control
nuclei (Fig. 5D). Thus, our data demonstrated that the thinner VL3 muscle in Mef2°%%4
samples was not due to lack of myoblast fusion or loss of myonuclei, but instead may
arise from impaired muscle growth.

To further understand how blocking MEF2 S98 phosphorylation resulted in a
reduced MEF2 function during larval body wall muscle growth, we compared the
expression levels of three known MEF2 target genes, Troponin | (Tnl, also called wings-
up A), Myosin heavy chain (Mhc) and Actin 57B (Act57B) between the wild-type and
mutant flies. There were significant reductions in Tnl and Act57B transcript levels in
Mef2°%84T mutants compared to controls, although Mhc transcript levels were not sig-
nificantly reduced in the mutant (Fig. 5E). Our data suggest that S98A substitution
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FIG 5 Reduced size of larval muscles. (A and B) Confocal microscope images of wild-type and mutant larval body wall muscles (VL3) double-stained for F-
actin (red) and MEF2 (green). Scale bar for both panels, 50 um. (C) Bar graph showing significant reduction in larval muscle area in mutant sample as
compared to the control. (D) There was no significant difference in the number of myonuclei between wild-type and mutant muscles. (E) Bar graph

showing significantly reduced Tn/ and Act57B expression in mutant larvae as compared to control samples.*pio.OS; Wp§0.01; x**p§0.001.

impairs the ability of MEF2 to activate the expression of at least a subset of muscle
structural genes, which in turn results in thinner larval muscle fibers. Collectively,
blocking MEF2°?® phosphorylation resulted in a phenotype characteristic of reduced
MEF2 function during larval body wall muscle growth.

Phenotypic analysis of Mef25°®” adults. To understand the impact of the Me
mutation upon the mature adult muscle fibers, we analyzed the adult thoracic muscles.
The indirect flight muscles (IFMs) consist of two muscle groups: the dorsal longitudinal
muscles (DLMs) and dorsoventral muscles (DVMs). We analyzed stained cryosections to
compare the number of DLM and DVM fibers between the control and experimental
specimens. Our results showed that there were no significant differences in the num-
ber of DVM nor DLM fibers in control and experimental flies (Fig. 6A to D). We also
flight-tested control and Mef2**** flies, but did not observe a loss of flight ability in
the mutants (Fig. 6E). Overall, our results show that the Mef2°*** mutation does not ser-
iously affect IFM patterning nor differentiation.

However, we did observe defects in another adult muscle, the tergal depressor of
the trochanter (TDT), or jump muscle, in the mutant flies. The wild-type jump muscle
consists of approximately four small fibers at the anterior end of the muscles (labeled S
in Fig. 6F), and 18-26 oblong-shaped large fibers. The large fibers are arranged in a dis-
tinct pattern, where each fiber has a surface that contacts both the outer and inner
sides of the muscle®® (Fig. 6F). Mutant flies homozygous for either the S98A-1 or the
$98A-2 allele showed mis-aligned jump muscle fibers in approximately 60% of the
cases: in these abnormal muscles, individual mutant fibers appeared pushed towards
or away from the central region of the TDT, such that the affected fibers contacted
only one surface of the muscle (asterisks in Fig. 6G). Similar abnormal patterning of the
jump muscles has been observed when Mef2 function is attenuated,®*** and we also
observed this defect in homozygous escapers for Mef2*** (Fig. 6H), which is an hypo-
morphic Mef2 allele.?> Overall, these data suggest that the S98A allele attenuates MEF2
function in the context of TDT patterning.

In contrast, since adult myoblasts in the wing imaginal discs showed evidence of
gain of MEF2 function, we also considered that defects in TDT patterning might also
arise from gain of MEF2 function. To test this possibility, we assessed muscle formation
in pharate adults in which Mef2 was over-expressed using the 7757-Gal4 adult myo-
blast driver. Interestingly, these animals also showed defects in jump muscle pattern-
ing similar to those also observed for hypomorphic Mef2 mutants (Fig. 6l). These
observations indicated that both gain and loss of MEF2 function can impact
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FIG 6 Effects of S98A substitution upon adult muscle function and patterning. (A and B) Transverse section of adult thoraces showing no difference in the
number of DLM fibers in control (A) and mutant flies (B). Dorsal is to the top of the image. (C and D) Confocal images of horizontal section of adult
thoraces showing no significant difference in the number of DVM fibers between the control and experimental flies. Anterior is to the top of the image.
For A to D, F indicates flight muscle and J indicates jump muscle. (E) Bar graph showing no significant difference in the flight ability of control and
Mef2°%#4T mutants. (F to K) Transverse section of jump muscles of wild-type (F), Mef2°®4" (G) 1151> UAS-Mef2 (H), Mef2**> (1), Mef2"*¥* (J), Mef2°984°1/F344
(K). Anterior is to the top; small jump muscle cells are indicated with an S. (L) Bar graph showing significant patterning defects in Mef2°** mutants and
Mef2°%84T /Mef2P** compared to controls. (M) There is a significant increase in the number of samples showing patterning defects in mutant flies compared

to wild-type. Scale bar: 100 um for A to D, 50 um for F to K.

organization of the jump muscle fibers, and that a critical balance of MEF2 function is
necessary for normal jump muscle patterning.

To resolve whether the Mef2°*** jump muscle patterning phenotype arises from
gain or loss of MEF2 function, we combined the Mef2°? allele with the Mef2”** null
allele to generate Mef2°?4""/Mef2™** trans-heterozygotes. In these flies, we found that
there was a significant increase in the number and frequency of defective fibers com-
pared to control (Fig. 6J to M), demonstrating that the Mef2**®** mutation results in the
attenuation of MEF2 function during patterning of the adult jump muscle.

DISCUSSION

In this manuscript we identified an in vivo phosphorylation site for the myogenic
regulator MEF2, and assessed the in vivo requirement for phosphorylation of this resi-
due through manipulation of the endogenous gene. To our knowledge, this is the first
attempt to assess the functional significance of MEF2 phosphorylation in an intact ani-
mal through engineering of the endogenous locus. We note two main observations:
firstly that blocking this modification of MEF2 resulted in relatively mild effects upon
muscle formation; and secondly that modification of S98 appeared to have different
effects upon MEF2 function depending upon the cellular context. The S98 codon, while
lying outside of the highly conserved MADS/MEF2 domain, is nevertheless strongly
conserved with mammalian MEF2 proteins, indicating that these findings in Drosophila
are likely to be highly relevant to understanding vertebrate MEF2 function.

The relatively mild effects of the S98A substitution are in line with some prior obser-
vations assessing post-translational modification in vivo, where in many cases individ-
ual phosphorylation events fine-tune protein function, and only have a major impact
when combined with modification of additional residues. For example, Kocherlakota
et al.*® assessed the roles of phosphorylated Tyr residues in the transmembrane pro-
tein sticks-and-stones (SNS) that is required for myoblast fusion. Only when 14 Tyr resi-
dues were altered to Phe was there a strong abrogation of SNS function, indicating
that each individual modification may only have modest additive effects. In addition,
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studies?”’?® have demonstrated that phosphorylation of MEF2 at S98 was generally
accompanied by phosphorylation at $110, suggesting that a more profound impact
upon MEF2 function might be achieved by generating an allele in which both residues
were changed to alanine. Nevertheless, we also acknowledge that single phosphoryl-
ation events can have profound impacts upon protein function, including for
Drosophila MEF2: phosphorylation of Tyr20 switches the function of MEF2 in the adult
fat body from promoting expression of genes associated with anabolism to activating
genes that function in the immune response.’

The observation of apparently opposite effects upon MEF2 function in different tis-
sues resulting from the S98A substitution are noteworthy. We interpret the reduction
in larval muscle mass and defects in jump muscle pattering to arise from loss of MEF2
function, and this conclusion is supported by the exacerbation of the latter phenotype
when Mef2°?* is placed in trans to a Mef2 null allele (this study). Moreover, hypomor-
phic mutations of Mef2 are known to result in reductions in the level of expression of
muscle structural protein genes,*® and reduced expression of these structural genes
would certainly account for the reduced muscle size that we observed. We also
explored mechanisms through which gain of MEF2 function would result in smaller
muscles. This might occur if, for example, myoblasts prematurely exited the cell cycle
to form muscles prior to the generation of a normal myoblast pool, something that we
observe at low, albeit nonsignificant, levels in the wing disc-associated myoblasts. In
this scenario, the resulting muscles may grow more slowly through having fewer myo-
nuclei. This latter possibility seems less likely, however, given both that the number of
myonuclei does not differ significantly in mutant larvae compared to controls, and the
number of disc-associated myoblasts exhibiting premature differentiation is small. We
therefore conclude that these findings arise from a reduction of MEF2 function in the
S98A isoform.

Gain of MEF2 function in myoblasts, resulting in premature differentiation in imagi-
nal discs, is consistent with the demonstration that phosphorylation of MEF2 at S98
suppresses its myogenic activity, either through turnover via interaction with the ubi-
quitin ligase adaptor SKP2,%% or through suppression of myogenic function through
interaction with the prolyl isomerase PIN1.3° While these pathways have not been
demonstrated for Drosophila MEF2, one can hypothesize that the S98A form of MEF2
would be more stable and could promote myoblast differentiation. Although we have
not tested the stability of the different MEF2 isoforms, the fact that each of them
equivalently activate transcription in tissue culture, and the fact that the Mef2°%%
alleles do not differ markedly from wild-type, suggests that there might not be major
differences in their stability in tissue culture or in vivo.

To reconcile the apparently opposite effects upon MEF2 function of the S98A modi-
fication, we proposed the following hypothesis. The most reasonable solution is that
the modification impacts MEF2 interaction with cofactors or other modulatory pro-
teins, and that the identify of these proteins differs depending upon the developmen-
tal stage or cellular context. Numerous MEF2 co-factors have been identified, that
either enhance or suppress activation of target genes. These include negatively acting
factors such as those described above, plus class Il HDACs discussed in the
Introduction, MITR'®4° and CABIN;*" and positively acting cofactors such as MyoD in
mammalian cells*? and CF2 in Drosophila.** Future studies will be focused upon identi-
fying how this post-translational modification can impact MEF2 function.

We also note that, since Drosophila MEF2 acts in tissues outside of the muscula-
ture,’ the S98A mutation may impact those tissues to a greater extent than developing
muscles. While this is a reasonable possibility, the animals used for proteomic analysis
were at the embryonic stage, where MEF2 accumulation is overwhelmingly con-
strained to the mesoderm and muscular derivatives,'""'® therefore we believe that the
S98 phosphorylation is germane to muscle development.

Our future work will be aimed at identifying signaling pathways and downstream
kinases that act on MEF2 S98 to regulate muscle growth and differentiation.
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Furthermore, we plan to examine how other Mef2 S98 substitutions affect MEF2
function.

MATERIALS AND METHODS

DNA methods. To generate the Mef2-CTAP allele, the Mef2-RA cDNA was amplified using PCR and
cloned into pGEM-T Easy (Promega Corp) for subsequent cloning. The cDNA was excised from this plas-
mid and cloned into pUAST-CTAP(SG),° and in-frame fusion to the CTAP coding sequence was verified
by sequencing.

The wild-type pPAc-Mef2 expression plasmid was described in Kelly Tanaka et al.** Mutant variants
were generated using the Q5 Site-directed Mutagenesis Kit (NEB), and validated by sequencing.

Quantitative PCR. RNA was isolated from a pool of 10 muscle carcasses each for wild-type and
mutant flies using the miRNeasy Kit (Qiagen), according to the manufacturer’s instruction. Three separ-
ate pools were used for the experiment. This was followed by synthesis of single strand complementary
DNA (cDNA), generated from 100 ng of RNA using the iScript Advanced cDNA synthesis kit (Bio Rad). For
quantitative PCR, cDNA samples were diluted 1:50 and mixed with SYBR Green Master mix (Bio-Rad) and
appropriate primers.*>

Fly stocks and genetics. Drosophila stocks used in this study were obtained from the Bloomington
Drosophila Stock Center (BDSC), generated in the laboratory, or gifts from other groups. The 71517-
Gal4line was a gift from Dr. L. S. Shashidhara. UAS-Mef2-CTAP lines were generated by P-element medi-

ated germline transformation,** and at least three independent lines were generated and validated.

To generate the Mef2°?** allele, a single guide RNA (sgRNA) targeting the MEF2 gene close to the

intended edit was ordered from IDT (protospacer sequence: 5'-TTTCGGCTTCGGGCGAGTC), as well as an
sgRNA targeting the ebony gene as a co-CRISPR marker.*> We used a 109-nt ssDNA oligonucleotide as a
donor for homology directed repair, also from IDT. These reagents were injected into y vas-Cas9
embryos (BDSC) and surviving GO adults were crossed to CyRoi/MefZ‘“’S; TM2/TM6 adults. Potential
edited lines were identified in the G1 generation as adults showing the dark ebony body color, having
received one recessive ebony allele from either of the TM2 or TM6 balancer chromosomes plus a CRISPR-
generated ebony allele from the GO parent. From approximately 40 GO adults, of which 22 were fertile,
eight independent GO founders gave rise to offspring carrying a mutant ebony allele. Ebony G1 flies
were crossed to a second chromosome balancer stock to generate stable lines, and candidate homozy-
gous mutants were analyzed by PCR and direct sequencing using the forward and reverse oligonucleoti-
des  5-GAGGAGATGGTGAAATGTCGCC and  5'TTGGTGTGGGACATCTGTGG, respectively. Two
independent lines arising from different GO adults were isolated and used for analysis in this work.

Tissue culture and western blotting. For testing expression of TAP-tagged MEF2, tissue culture
assays were performed using Drosophila S2 cells (Drosophila Genomics Resource Center) which were
either nontransfected, transfected with pPAc-Gal4 plus UAS-Mef2-CTAP, or transfected with pPAc-Gal4
plus UAS-NTAP-Krz?° using Lipofectamine (Thermo Fisher). Two days after transfection, cells were har-
vested and boiled in SDS-PAGE sample buffer. Western blotting was carried out using standard
approaches and HRP-conjugated secondary antibodies.

For co-transfection assays, S2 cells were cultured in Schneider’s medium at 25 °C and supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco). S2 cells were seeded at a concen-
tration of 6 x 10° cells/well on a 24-well plate and allowed to adhere for an hour. After, the medium was
removed and 300 pL of medium (serum and antibiotic free) that contained 0.5 g of total plasmid DNA
and 5 L transfection reagent (FUGENE HD, Promega) was added to each well. Incubation was allowed
for 24-32 h. The ratio of transcription factor coding pDNA (pPac-Pl) to reporter coding pDNA (Act57B-
lacZ) was 1:9 (wt/wt). The same ratio was used for pPac-Pl vector controls that lacked the cDNA insert.
Transient transfections were conducted in triplicate.

B-Galactosidase assays. A mammalian -galactosidase assay kit was used to lyse and determine the
3-galactosidase activity in the transfected cells (Pierce Technology, Thermo Scientific). To lyse cells,
100 pL of M-PER extraction reagent was added to each well, and incubated for 15 min while rotating at
350 rpm. The protein concentration of each lysate was determined by Bradford assay (Quick Start™
Bradford 1x Dye Reagent, Bio-Rad). Equal amounts of total lysate protein were used in B-galactosidase
assays, by using the appropriate volume of each lysate and making up to a standard volume by addition
of extraction reagent. Next, equal volumes of cell lysate (plus extraction reagent) and all-in-one 3-galac-
tosidase assay reagent were mixed in a 96-well plate and incubated at 37 °C for 30-45 min. After incuba-
tion, absorbances were read on a multiplate reader at 405nm. Activation of the reporter was
determined as the fold change of B-galactosidase activity in samples cotransfected with TF DNA com-
pared to controls cotransfected with the empty pPac-Pl vector.

Immunofluorescence and confocal microscopy. Wandering third instar larvae were dissected in
PBS to obtain wing disc and muscle fillets, followed by fixation in 4% formaldehyde and immunolabeling
as described by Vishal et al*® Adult flies were processed, cryosectioned and immunostained as
described by Morriss et al.*” Myoblast differentiation in imaginal discs was monitored using mouse anti-
MHC (1:200, DSHB) and Alexa 568-conjugated Phalloidin (1:500, Thermo Fisher). Total myoblast numbers
in discs were determined using rabbit anti-Zfh1 antibody (1:2000, Ruth Lehman). Larval body wall
muscles and myonuclei were visualized as described in Morriss et al.,*” using Alexa 568-conjugated
Phalloidin and rabbit anti-MEF2 (1:1000),*® respectively. Adult muscles were visualized using mouse
anti-B-integrin (1:20, DSHB), Alexa 568-conjugated Phalloidin and DAPI. Alexa 488-conjugated secondary
antibodies (Thermo Fisher) were used at 1:2000. The processed preparations were mounted on glass
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slides using mounting solution and imaged with an Olympus FV 3000 confocal microscope. Images

were processed using Olympus Life Science software and Adobe Photoshop CC 2018.

Quantification and data analysis. Myoblast differentiation was determined by counting the num-
ber of wandering third instar wing discs which were co-labelled with anti-MHC and F-actin; at least 18
discs were imaged for each genotype. Myoblast pools were analyzed by counting the total number of
Zfh1-positive myoblasts in the late third instar wing discs of at least 11 discs. Wandering third larvae
were used to compare muscle area between the control and mutant flies. Larval muscle area was deter-
mined using standard Image J measurement tool of the VL3 muscle from at least seven different ani-
mals. Larval myonuclei number was quantified by counting the total number of MEF2 positive nuclei of
VL3 muscle of the A2 or A3 abdominal segments. Adult muscle patterning was examined by comparing
the B-integrin positive muscle fascicles between the wild-type and experimental specimens and docu-
menting the frequency and nature of the defects. Flight testing was carried out according to
Drummond et al.,*® using at least 50 adult females.

All quantifications were done using Image J software, and the data were imported into GraphPad
Prism 6.0 software for the generation of graphs and statistical analyses. The statistical significance was
determined using the column statistics function. Error bars represent the mean + standard deviation for
larval phenotypes, and the mean + standard error of mean for adult phenotypes. Statistical significances
were determined using one-way ANOVA plus post hoc tests for co-transfections, Student’s t tests were
used for myoblast counts and qPCR data, and Mann-Whitney tests were used for larval muscle measure-
ments and analyses of adult jump muscles. The n represents the total number of samples quantified
from two or more independent experiments.
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