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ABSTRACT

Myocyte enhancer factor 2 (MEF2) proteins are involved in multiple developmental, physiological, and
pathological processes in vertebrates. Protein-protein interactions underlie the plethora of biological
processes impacted by MEF2A, necessitating a detailed characterization of the MEF2A interactome. A
nanobody based affinity-purification/mass spectrometry strategy was employed to achieve this goal.
Specifically, the MEF2A protein complexes were captured from myogenic lysates using a GFP-tagged
MEF2A protein immobilized with a GBP-nanobody followed by LC-MS/MS proteomic analysis to identify
MEF2A interactors. After bioinformatic analysis, we further characterized the interaction of MEF2A with
a transcriptional repressor, FOXP1. FOXP1 coprecipitated with MEF2A in proliferating myogenic cells
which diminished upon differentiation (myotube formation). Ectopic expression of FOXP1 inhibited
MEF2A driven myogenic reporter genes (derived from the creatine kinase muscle and myogenin genes)
and delayed induction of endogenous myogenin during differentiation. Conversely, FOXP1 depletion
enhanced MEF2A transactivation properties and myogenin expression. The FoxP1:MEF2A interaction is
also preserved in cardiomyocytes and FoxP1 depletion enhanced cardiomyocyte hypertrophy. FOXP1
prevented MEF2A phosphorylation and activation by the p38MAPK pathway. Overall, these data impli-
cate FOXP1 in restricting MEF2A function in order to avoid premature differentiation in myogenic pro-
genitors and also to possibly prevent re-activation of embryonic gene expression in cardiomyocyte
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Introduction

Striated muscle fulfills a vital function for all metazoans, facili-
tating movement, blood circulation, and digestion." The com-
plex development of striated muscle requires strict control
and balance of transcriptional regulators and gene expression.
During embryogenesis, both myogenesis, the development of
skeletal muscle, and cardiogenesis, the progression of cardio-
myocytes into a functional heart muscle, is controlled by tran-
scription factors and a multitude of cofactors.>® Diseases such
as muscular dystrophies, sarcopenias, and cardiac hypertrophy
arise due to aberrant patterns of gene expression.*> One pro-
tein that is critical for muscle formation during embryogenesis
and the regeneration of skeletal muscle postnatally is myocyte
enhancer factor 2 (MEF2). MEF2 protein complexes, encoded
by the mef2a-d genes, are MADS-box (MCM1, Agamous,
Deficiens and SRF) domain-containing transcription factors
with the ability to homo- and heterodimerize through a
unique conserved MEF2 domain. Dimeric MEF2 complexes
bind to a conserved DNA sequence [(T/C)TA(A/T),TA(G/A)] and
cooperate with MRFs for the expression of a plethora of
muscle-specific genes.%” Each MEF2 isoform consists of three
functional domains, a conserved N-terminal MADS-box of 57
amino acids followed by a 29 amino acid MEF2 domain as

well as a highly variable transcriptional activation domain at
the C-terminus that confers individual function to both the
isoform and the post-translationally modified MEF2 protein.®
MEF2 protein activity is expressed as early as day 7.5 postcoi-
tum with persistent expression of MEF2A and MEF2D in adult
cardiac and skeletal muscle. MEF2 function is influenced by
both direct protein binding as well as by cofactors such as
class lla histone deacetylases (HDACs), MAPK/p38 phosphoryl-
ation cascades, and Ca’" signaling pathways.”'* In addition,
MEF2 proteins can modulate several developmental signaling
pathways including Wingless/Integrated (Wnt), Notch, and the
PI3K/AKT inflammatory pathway.'>'®

The role of MEF2 during myogenesis has been well charac-
terized as a factor required for the differentiation program of
proliferative myoblasts into mature multinucleated myofibers.'”
The activation of MEF2 activity is particularly robust following
the activation of quiescent muscle stem cells called satellite
cells upon stimulation of muscle growth or replacement of
damaged muscle. In quiescent satellite cells, MEF2s and certain
MRFs are expressed but muscle specific genes are not
expressed, suggesting that MEF2 activity is repressed.>'® In
addition to facilitating skeletal myogenesis, MEF2 activity func-
tions as a prosurvival factor in cardiomyocytes.'” However,
MEF2 has also been implicated in cardiac hypertrophy, a

CONTACT John C. McDermott @ jmcderm@yorku.ca

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/10985549.2024.2323959.

© 2024 Taylor & Francis Group, LLC


http://crossmark.crossref.org/dialog/?doi=10.1080/10985549.2024.2323959&domain=pdf&date_stamp=2024-03-14
https://doi.org/10.1080/10985549.2024.2323959
http://www.tandfonline.com

58 S. STEIMAN ET AL.

condition in which abnormal thickening of the heart muscle
mediates the progression of heart-failure. Mouse models have
shown that alterations in the expression of MEF2A in the heart
can be lethal and disrupt myoblast differentiation.”'#?° MEF2A
has also been implicated in cancer cachexia, a condition in
which skeletal muscle mass progressively declines and leads to
30% of cancer-related deaths due to either heart or respiratory
failure. Recent literature has suggested that there is a dysregu-
lation in MEF2 protein activity through the upregulation of
transcriptional repressors and other unknown cofactors.?'

To further understand the regulation of MEF2A in skeletal
muscle we undertook a systematic unbiased proteomic
screen approach to document the MEF2A interactome in
myogenic cells. This was carried out using a GFP-nanotrap
affinity purification followed by LC-MS/MS analysis.*?> This
approach provided an interactome map of both known and
potentially novel protein-protein interactions with MEF2A.
This interactome map will provide further opportunities to
dissect the roles of MEF2A in striated muscle regulation.
Categorization of the interactome list and GO analysis
revealed a number of novel candidate proteins to investigate
including proteins involved in muscle hypertrophy and
muscle adaptation. We focused on the identification of
Forkhead box protein 1 (FOXP1), a transcriptional repressor
recently implicated in sarcopenia and cardiac hyper-
trophy,?"? as a candidate for further study. Further experi-
mentation supports a model in which MEF2A repression by
FOXP1 is vital to maintain myoblasts in an undifferentiated
state in the proliferative or quiescent states. Moreover, hyper-
activation of MEF2A by FoxP1 depletion leads to enhanced
cardiomyocyte hypertrophy. These observations contribute
to our ongoing understanding of MEF2 function and the
necessity for precise balance of transcription factor activity
for biological processes such as muscle differentiation and
cardiomyocyte hypertrophy.

Results
MEF2A interactome analysis in skeletal muscle

While the role of MEF2 proteins as transcriptional switches
and their numerous cofactors have been well documented in
various tissues,>*?> a comprehensive proteomic analysis to
establish a network of binding partners in skeletal muscle
remains outstanding. Here, we aimed to construct an interac-
tome network using a GFP-nanobody trap affinity purification
in tandem with LC-MS/MS?? to identify proteins interacting
with MEF2A in skeletal muscle. To characterize the interac-
tome, EYFP-tagged MEF2A proteins (bait protein) were immo-
bilized on GFP binding protein (GBP)-nanobody magnetic
beads for affinity purification. To enhance the detection of
nuclear localized MEF2A interacting (prey) proteins, nuclear
enriched protein fractions were prepared from proliferating
C2C12 cells which were then incubated with the bait to cap-
ture MEF2A interacting proteins (see Methods for further
details). Figure 1A displays the workflow depicting the
approach to generate an interactome network. Expression of
EYFP and EYFP-MEF2A were confirmed by Western blot
analysis (Figure 1B).

The criteria for protein identification as potential interac-
tors was dependent on the total number of unique peptides
(>2), and the presence of the protein in both biological
replicates. Proteins found in both replicates and not in the
GFP conditional control were considered as unique candidate
interacting proteins. In addition, proteins found in both EYFP-
MEF2A replicates with more than 3-fold enrichment over the
GFP control were also included in the initial informatic
analysis. Application of these criteria resulted in a list of 36
proteins (28 unique proteins, 8 enriched proteins) (Figure 1C).

To further characterize this protein interactome network,
Gene Ontology (GO) analysis was performed to identify
enriched biological processes and molecular functions.
Among the Biological Processes and Molecular Functions
shown in Figure 1D, several GO terms are documented that
have been previously associated with known MEF2A func-
tion, including cardiac muscle hypertrophy and histone
deacetylase binding. Interestingly, several categories not
previously associated with MEF2A were also identified, for
example disordered domain-specific binding. Due to a com-
bination of our interest in myogenesis and the importance
of the muscle-related categories, we focused on interactors
within these GO terms (Figure 1E). Of particular interest
from this interactome network was the putative association
with Forkhead box protein 1 (FOXP1), which has previously
been documented to play a critical role in cardiomyocyte
maintenance and sarcopenia.?®~22

FOXP1 interacts with MEF2A in proliferative myogenic
cells and decreases in expression during muscle
differentiation

First, the biochemical interaction between MEF2A and FOXP1
identified in the interactome screen was confirmed. FOXP1 is
a well characterized transcriptional repressor.?>3° Gene
Ontology analysis categorized FOXP1 together with many of
the established MEF2A related categories, including cardiac
and striated muscle hypertrophy (Figure 1E). By immunofluor-
escence analysis, we detected both MEF2A and FOXP1 in the
nuclei of proliferating myoblasts (Figure 2A). The protein-
protein interaction of ectopically expressed FLAG-MEF2A and
HA-FOXP1 was also confirmed by FLAG immunoprecipitation
followed by Western blotting analysis of the precipitated pro-
tein complex (Figure 2B). Furthermore, endogenous FOXP1
was found in the immunocomplex precipitated with MEF2A
antibody (Figure 2C) suggesting the formation of an
endogenous FOXP1/MEF2A protein complex in myoblasts.
Next, we sought to determine whether there is a functional
relationship between MEF2A and FOXP1. To this end, we
investigated the potential functional impact of ectopic FOXP1
expression on the transactivation properties of MEF2A. A
4XMEF2 luciferase reporter gene assay>' was used to quantify
the transcriptional effect of the presence or absence of ectopi-
cally expressed FOXP1 with MEF2A. Figure 2D indicates that
ectopic expression of MEF2A activated the reporter gene as
expected, and that the addition of ectopically expressed
FOXP1 suppressed reporter gene activation by MEF2A. Since
MEF2A activation is essential for myogenesis along with
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Figure 1. The MEF2A interactome in skeletal muscle. (A) Schematic overview of the GFP-nanobody trap affinity purification experiment using a skeletal muscle
lysate followed by LC-MS/MS. (B) EYFP fusion to a MEF2A protein confirmed by Western blot analysis. (C) Table showing the putatively interacting proteins uniquely
identified in EYFP-MEF2A in blue and the >3-fold enriched peptides (EYFP-MEF2A/EYFP) by the mass spectrometry analysis. (D) Gene ontology (GO) analysis of the
identified proteins for both the biological processes and molecular functions, known MEF2A pathways are indicated with an asterisk. (E) Schematic representation
of identified putative interacting proteins in the GO terms of interest along with P-values.

MRFs>® and FOXP1 inhibits MEF2A activity, we hypothesized
that FOXP1 might play an important role in restricting MEF2A
activity in proliferating myoblasts when the cells have to be
maintained in an undifferentiated state to avoid premature
differentiation.

Following the initial characterization of the MEF2A/FOXP1
interaction, the pattern of FOXP1 expression during myo-
genic differentiation was examined. Western blotting analysis

indicated that FOXP1 protein expression is substantial in
myoblasts in the proliferative phase and decreases upon
initiation of the differentiation and progression of myoblasts
into mature multinucleated fused myotubes (Figure 3A).
Upregulation of myogenin and MCK proteins and their accu-
mulation indicated the progression of myotube formation.
Immunofluorescence analysis of differentiated C2C12 cultures
at different stages of differentiation depicts that FOXP1 was
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Figure 2. FOXP1 interacts and colocalizes with MEF2A in myoblasts. (A) Immunofluorescence analysis of a fixed myoblasts shows endogenous MEF2A in red and
FOXP1 in green localized at the nuclei marked by Hoechst33342 in blue. The intensity blot of the MEF2A and FOXP1 signals is shown over the yellow line in the
merged image. (B) Hek293T cells with ectopically expressed HA-FOXP1 and FLAG-MEF2A were subjected to a FLAG immunoprecipitation. Lysates with either FLAG-
MEF2A or HA-FOXP1 transfected were used as controls. (C) A C2C12 myoblasts lysate was subjected to a MEF2A immunoprecipitation with MEF2A antibody or an
IgG control. Co-immunoprecipitated FOXP1 was visualized by Western blotting analysis. (D) Hek293T cells were transfected with a 4XMEF2-luc construct in tandem
with FLAG-MEF2A and HA-FOXP1. A schematic of the 4XMEF2-luc reporter is shown. Renilla luciferase was used to normalize transfection efficiency and pcDNA was
used as a control for endogenous protein activity. Each dot represents one biological replicate.

predominantly localized in the nucleus (Figure 3B). Since it is
well documented that MEF2A protein expression is present
at both the proliferative myoblast and myotube stages of
myogenesis,>®> our observations support the idea that FOXP1
is required for the maintenance of the undifferentiated state
by suppressing nuclear MEF2A activity in proliferating
myoblasts.

We further extended this idea to heterogenous myotube
culture conditions to determine differences in the pattern of
FOXP1 expression between differentiated myotubes and cells
that do not form multinucleated myotubes but are quiescent
in differentiation conditions (termed reserve cells, RCs)3%3°
We reasoned that if FOXP1 is required for the maintenance
of the undifferentiated state, FOXP1 might be differentially
expressed in myotubes compared to RCs. To test this idea,
we fractionated a heterogenous C2C12 population under DM
conditions into myotubes and quiescent reserve cells. In
Figure 3C Western blot analysis of each fraction indicates
that FOXP1 protein was undetectable in the differentiated
myotube fraction but clearly detected in the RC fraction, sug-
gesting that FOXP1 expression is preserved in undifferenti-
ated reserve cells but not in myotubes. Of note, a
differentiated primary mouse satellite cell primary culture
exhibited similar expression patterns of FOXP1 in

undifferentiated cells by immunofluorescence analysis (Figure
3D). To further document the impact of FoxP1 expression on
the myogenic differentiation program, we ectopically
expressed mCherry-FoxP1 or mCherry alone in myogenic cells
and assessed the incorporation of mCherry signals into myo-
tubes under DM conditions. As documented in Figure 3E,
there is substantial incorporation of mCherry signal into myo-
tube nuclei in the mCherry alone condition. Conversely, we
could not identify signal from mCherry-FoxP1 in any myo-
tube nuclei, thus indicating that expression of FoxP1 is
incompatible with myogenic differentiation.

FOXP1 gain and loss of function during myoblast
differentiation

Based on our observations of FOXP1 expression in myoblasts
and knowledge of the importance of MEF2A in myogenic dif-
ferentiation, we determined if FOXP1 could regulate the dif-
ferentiation process. To investigate this further, both a gain
of function by ectopic expression of FOXP1 and loss of func-
tion approach by siRNA targeting FOXP1 were employed.
Initially, we tested myogenin induction as a MEF2 target
gene and marker for the initiation of differentiation, with
ectopic expression of FOXP1. As is well documented in the
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microscopy.

literature,>® Western blotting analysis (Figure 4A) confirmed
that upregulation of myogenin protein level occurs at
approximately 48h in DM.>’*® However, when HA-FOXP1
was ectopically expressed, myogenin protein levels failed to
be induced at the normal rate. Ectopic expression of HA-
FOXP1 reduced the number of myogenin-positive cells in the
population in comparison to a control condition (Figure 4B).

Further immunofluorescence analysis showed that there was
a decrease in the number of Myogenin-positive cells under
conditions of FOXP1 protein expression.

Taken together, an increase in FOXP1 protein expression
results in a delay in the normal progression of myoblast dif-
ferentiation. To further our understanding of the potential
importance of FOXP1 during myogenesis, we next employed
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*P < 0.001 and **P < 0.0001.

a loss-of-function approach with siRNA silencing of FOXP1.
For this loss-of-function analysis, three independent siRNAs
targeting different regions of FOXP1 mRNA were employed
along with a scrambled control. The siRNAs and control were
transfected and efficient reduction of FOXP1 expression was

confirmed (Supplementary Figure 1). Western blotting ana-
lysis was done during both growth and during the course of
differentiation. Compared to scrambled conditions, siRNA-
treated cultures exhibited precocious expression of myogenin
(Figure 4C). Due to FOXP1 depletion, both Myogenin and
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MCK protein expression were expressed earlier than controls
upon induction of differentiation. This was further supported
by immunofluorescence analysis quantifying the number of
Myogenin-positive nuclei, which was significantly higher in
the FOXP1 depleted condition compared to the scrambled
control (Figure 4D). Finally, to investigate how the loss of
FOXP1 function may affect MEF2A activity, 4XMEF2 reporter
gene activity assay with three independent siRNAs targeting
FOXP1 was performed. The reporter gene analysis in Figure
4E shows that the depletion of FOXP1 resulted in an increase
in MEF2 dependent reporter gene activity.

Cumulatively, these data (Figure 3 and Figure 4) highlight
robust FOXP1 protein expression in undifferentiated prolifera-
tive and quiescent myoblasts and its subsequent decline dur-
ing the differentiation stages of myogenesis. Importantly, the
same trend is observed in primary mouse satellite cell cultures,
in which FoxP1 expression is high in MyHC negative cells and
low in differentiated MyHC positive cells (Figure 3D). The pat-
tern of expression of FoxP1 in primary satellite cells and our
documentation of its repressive function on MEF2A suggests a
potentially important role of FoxP1 in adult muscle regener-
ation. Taken collectively, these data support a model in which
FOXP1 suppresses MEF2A function to prevent premature
muscle differentiation in proliferating or quiescent myoblasts.

FOXP1 antagonizes MEF2A transactivation properties

While the data on the synthetic reporter gene assay system
indicates that FOXP1 antagonizes MEF2A transactivation, we
next employed the use of well characterized natural myo-
genic gene promoter/enhancer-based reporter genes that are
known to be regulated by MEF2. A creatine kinase muscle
(ckm)**° and also a myogenin promoter*'*? based luciferase
gene reporters were used for this analysis. Figure 5A and B
indicates that ectopic expression of FLAG-MEF2A activates
both the ckm and myogenin reporter genes as expected;
however, when cells were cotransfected with HA-FOXP1,
there was a decrease in reporter gene activation by MEF2A.
Collectively, this reporter gene analysis demonstrates the
repressive nature of FOXP1 on MEF2A driven transcriptional
activity which results in the reduction of not only synthetic
MEF2 reporter gene activation (4xMEF2-Luc), but also natural
myogenic promoter activity (ckm and myogenin).

MEF2A activity is regulated by a variety of cofactors.
Among them, class Il HDACs and P300 have been reported
to regulate MEF2A activity primarily through MEF2’s MADS/
MEF2 domain.**** To delineate which region of MEF2A is
required to facilitate the FOXP1 interaction, several GAL4-
DNA binding domain (DBD) fusion constructs were used on a
5X upstream activator sequence (UAS) luciferase reporter
gene system.*> A map of the different constructs fused with
the GAL4-DBD at the N-terminus is shown in Figure 5C.*
Figure 5D documents reporter gene analysis with ectopic
expression of GAL4-DBD-MEF2A fusion proteins. These stud-
ies revealed that the region between aa 273 and 373 within
the MEF2A transactivation domain were sufficient for repres-
sion by FOXP1. In addition, if the TAD of MEF2A was replaced
with the VP16 transactivation domain fused to the MADS-
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MEF2 domain (MADS/MEF2-VP-16), this fusion was not
repressed in the presence of HA-FOXP1 (Figure 5E) providing
further evidence that the MADS-MEF2 domain is not required
for FOXP1 repression. Immunoprecipitation experiments pre-
sented in Figure 5F, we detected a very weak interaction of
FoxP1 with MEF2A 1-91 in this assay compared to the robust
interaction observed with the full length protein. We attri-
bute this marginal interaction with the capability of MEF2A
1-91 to dimerize with the endogenous MEF2A which would
then bridge the FoxP1 interaction. In summation, these data
indicate that FoxP1 mediated MEF2A repression occurs
through the C terminal transactivation region of MEF2A.

FOXP1 repression of MEF2A is associated with
hypophosphorylation of the MEF2A transcriptional
activation domain

Since the experimental data with GAL4-DBD-MEF2A fusions
pointed to an interaction of FOXP1 with the C-terminal TAD of
MEF2A, we sought to determine how FOXP1 might repress
MEF2A transcriptional activity through its TAD. Previously, we
have documented that the TAD of MEF2A is highly regulated
by p38MAPK phosphorylation.*” In addition, this region of the
TAD overlaps with a p38MAPK docking site.”® We, therefore,
hypothesized that FOXP1 repression might be facilitated by
disruptions in TAD phosphorylation by p38MAPK. In Figure
5A, reporter gene analysis with a specific p38MAPK inhibitor
(SB203580) and its inactive analogue (SB202474) was
employed.***° As previously observed, a decrease in MEF2A
transcriptional activation on the 4XMEF2 reporter gene was
observed with p38MAPK inhibition. Conversely, FOXP1's
repressive activity on MEF2A was not evident under conditions
when p38MAPK was inhibited. This led us to postulate that
FoxP1 might antagonize MEF2A phosphorylation by p38
MAPK. To further test this idea, the level of MEF2A phosphor-
ylation at Thr-312 (one of the core p38MAPK target sites on
MEF2A)*”>" was assessed by Western blotting analysis. As pre-
viously documented, activation of the p38MAPK by a constitu-
tively active form of the upstream kinase, MKK6(EE),>*> was
confirmed by phospho-Thr-312 analysis of MEF2A (Figure 6B).
As predicted, the level of phosphorylation of MEF2A at
Thr-312 was markedly decreased with ectopic HA-FOXP1
expression even in the presence of robust MKK6EE/p38MAPK
activation. Immunofluorescence analysis also confirmed that
the level of Thr-312 phosphorylation was decreased in C2C12
cells expressing ectopic HA-FOXP1 protein (Figure 6C). It is
important to note that Thr 312 phosphorylation detection by
phosphoantibodies is used as a proxy for p38 MAPK activation
of MEF2A but there are multiple additional p38 MAPK phos-
phoacceptor sites on MEF2A that cumulatively determine its
response to p38 MAPK activation.*’

One possibility by which FOXP1 antagonizes phosphoryl-
ation of MEF2A at Thr-312 was by directing phosphatase
activity toward MEF2A, since we previously characterized
an interaction between MEF2 and protein phosphatase 1 o
(PP1a). To investigate this possibility, we initially used a pan-
phosphatase inhibitor, okadaic acid (OA). Western blot analysis
(Figure 6D) confirmed that ectopic expression of HA-FOXP1
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reduced the phosphorylation of Thr-312 of MEF2A as we previ-  (Figure 6F). However, it proved difficult to discern between
ously observed, but in the presence of the OA phosphatase separate FOXP1/PP1o. and FoxP1/MEF2A complexes versus a
inhibitor, ectopically expressed HA-FOXP1 did not reduce Thr-  three-way FoxP1/MEF2A/PP1a complex using this approach.
312 phosphorylation levels. We did notice a possible reduction  Qverall, these data suggest that FOXP1 represses phosphoryl-
in HA FoxP1 expression with OA in this experiment (Figure 6D)  ation mediated MEF2A activation by p38MAPK, and that this
but further experiments indicated no appreciable effect of OA  repression could be mediated by the formation of a repressive
on endogenous or ectopic FoxP1 expression (Supplementary  jmmunocomplex including a phosphatase, for example, PP1o,
Figure 3A and B). Furthermore, in the presence of the OA phos- i, undifferentiated cells.

phatase inhibitor, FOXP1 failed to repress MEF2A transcrip-

tional activity measured by 4XMEF2 luciferase reporter gene

activity (Figure 6E). Since we have previously documented FOXP1 depletion enhances MEF2A activity and

. . 46 .
rgpressmn of MEFZA function by PI?]cx, we tested the possi- hypertrophy in primary cardiomyocytes
bility that PP1ac  might complex with MEF2A/FOXP1. Western

blotting analysis of a FLAG-immunoprecipitation revealed that Since MEF2A is implicated in cardiac hypertrophy,
FLAG-FOXP1 does indeed co-immunoprecipitate with HA-PPTa.  turned our attention to the other striated muscle counterpart,

7,53 we
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by Western blot analysis.

cardiomyocytes. To document the potential role of FOXP1 as a
more general repressor of MEF2A function in striated muscle.
As observed in the skeletal muscle, in isolated rat primary
cardiomyocyte lysates, FOXP1 immunoprecipitated with
MEF2A (Figure 7A). In addition, siRNA-mediated silencing of
FOXP1 expression enhanced MEF2 reporter gene activity in
cardiomyocytes (Figure 7B). Therefore, we postulate that
FOXP1 can form a repressive complex with MEF2A protein in
cardiomyocytes.

Finally, it has been well documented that there is a critical
upregulation of MEF2A activity under cardiac hypertrophic
conditions.?* Therefore, we hypothesized that depletion of
FOXP1 might promote cardiomyocyte hypertrophy due to
de-repression of MEF2A activity. First, we confirmed that
treatment with one of the well characterized cardiac hyper-
trophy inducing reagents, phenylephrine (PE)>* provoked
a significant increase in cell surface area of neonatal rat
ventricular cardiomyocytes by staining with wheat germ
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agglutinin (WGA) (Figure 7C). This treatment also resulted in
an accumulation of MEF2A, MyHC and downregulation of
FOXP1 protein (Supplementary Figure 2). Moreover, we docu-
ment that silencing FOXP1 expression by siRNA resulted in
an enhanced cell area compared to the scrambled control in
PE treated cardiomyocytes, suggesting that FOXP1 depletion
enhanced cardiomyocyte hypertrophy, possibly by further de-
repressing MEF2 activity. While this idea needs to be further
addressed in vivo, the possible role of FOXP1 as a negative
regulator of cardiac hypertrophy has important clinical
implications and warrants further investigation.

Discussion

In this MEF2A interactome study, we have identified a novel
MEF2A binding protein, FOXP1, that negatively regulates
MEF2A transactivation properties in myogenic cells. Previous
research has begun to characterize the role of MEF2A in acti-
vating transcription for muscle-specific genes and also cardio-
myocyte survival.'”?* In addition, while MEF2 isoforms share
a conserved MADS-box domain and MEF2 domain, the trans-
activation domain confers a wide range of specificity and
function through post-translational modifications. The trans-
activation domain of MEF2A facilitates interactions with
MAPK, CaMK, and protein phosphatases.?**® The function of
MEF2 proteins is primarily determined by interacting with
various protein cofactors. Studies have shown that class I
HDACs are important repressors of MEF2 proteins through
interactions within the MADS/MEF2 domain.**** Recent lit-
erature has also suggested a potential role for MEF2 in skel-
etal muscle wasting® that is not yet fully understood and
may depend on previously unrecognized protein interactions.
In this study, we aimed to address these potential avenues
using an unbiased high-throughput proteomic approach to
identify novel protein-protein interactions with MEF2A. The
interactome generated using this approach revealed several
novel candidate MEF2A protein interactions. GO analysis of
this interactome data set suggested the involvement in proc-
esses such as transcription factor binding, cardiac cell devel-
opment, striated muscle hypertrophy, cardiac hypertrophy,
disordered domain-specific binding, and neuron differenti-
ation. Here, we present these interactome data along with an
in-depth analysis of the interaction of MEF2A with FOXP1, a
transcriptional corepressor. These data suggest that this inter-
action may have important implications for our understanding
of MEF2A regulation in striated muscle.

An important indicator of the progression from myocyte
proliferation to myotube differentiation during myogenesis
is the induction of the MRF, myogenin, by MEF2A.2
Upregulation of factors such as myogenin, promote the dif-
ferentiation program that leads to the formation of multi-
nucleated myotubes.®®>” Strategic activation of MEF2A is
required for proper myogenesis to occur at the correct stages
of skeletal muscle development. Thus, dysregulation of
MEF2A activation during the proliferative stages may impact
the later stages of myogenesis. Here, we propose that
FOXP1, an enriched protein identified in the MEF2A interac-
tome screen, is a novel regulator of MEF2A function in
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proliferating myoblasts. In addition, our data indicate that the
MEF2A:FOXP1 interaction may be operative in modulating
cardiomyocyte gene expression.

Although the function of MEF2 proteins through repres-
sive HDAC interactions occurring in the MADS/MEF2 domain
has been very well documented,>*® our research has
revealed an additional novel repressive mechanism on
MEF2A in which FOXP1 targets the C-terminal transactivation
domain of MEF2A. This repression is likely mediated by
antagonizing the ability of p38MAPK, a well-characterized
activator of MEF2A, to phosphorylate and activate
MEF2A.*>~8 Future studies mapping this interaction in detail
will further our understanding of this protein interaction and
the respective domains required in each protein.

The characterization of impaired MEF2A function by
FOXP1 repression during cardiac hypertrophy may have rele-
vance for heart disease since hypertrophy is a feature of the
progression to heart failure. We document that the inter-
action between MEF2A and FOXP1 is conserved in cardio-
myocytes and may modulate the prohypertrophic role of
MEF2 in response to phenylephrine treatment of primary
cardiomyocytes.

Activation of MEF2A through the p38MAPK signaling path-
way is a key regulatory pathway that confers robust activa-
tion of MEF2 transactivation properties.*>*®  Previous
literature has suggested that MEF2A phosphorylation at con-
served C-terminal residues enhances the transcriptional acti-
vation of ckm and myogenin genes.*'*® Given our current
observations, we propose that this activation pathway is
antagonized by FOXP1 leading to inhibition of MEF2A phos-
phorylation and activation. A schematic depicting a distilla-
tion of these data is provided in Figure 8. Our data is
consistent with the possible recruitment of PP1a into a large
immunocomplex with FOXP1:MEF2A which may contribute to
the dephosphorylation and maintenance of MEF2A in a
repressive state.

Myoblast — > Myotube

FOXP1
EXPRESSION

Figure 8. Proposed model of the MEF2A:FOXP1 interaction during myogenesis.
The schematic indicates that FOXP1 represses p38 MAPK dependent MEF2A
activity under proliferative conditions in myoblasts. This repressive mechanism
is reduced as the differentiation program proceeds and FOXP1 expression is
downregulated.
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Collectively, the results presented in this study suggest
that FOXP1 may play a critical role in muscle gene regulation
by targeting the MEF2A transcription factor. In addition, the
MEF2A protein interactome network provides a valuable
resource for future studies to investigate additional novel
protein interactions with MEF2A. These observations contrib-
ute to our knowledge of the molecular mechanisms underly-
ing MEF2A regulation and may also have implications for our
understanding of cardiac hypertrophy and skeletal muscle
differentiation.

Materials and methods
Cell culture

C2C12 myoblasts and Hek293T cells were obtained from
American Type Culture Collection (ATCC, CRL-1772, and CRL-
3216, respectively). Primary mouse skeletal muscle satellite
cells were purchased from iXCells Biotechnologies (10MU-
033). Cells were cultured in growth medium (GM) consisting
of high-glucose Dulbecco’s modified Eagle’s medium (DMEM,
Gibco), and L-Glutamine (HyClone), supplemented with 1%
penicillin-streptomycin (Invitrogen, ThermoFisher) and 10%
fetal bovine serum (FBS) or 20% FBS for the primary cells.
Cells were maintained in a humidified incubator at 5% CO,
and 37°C. Myotube formation was induced by replacing
GM with differentiation medium,'® consisting of DMEM
supplemented with 2% FBS and 1% penicillin-streptomycin.

Primary cardiomyocyte preparation

Hearts were isolated from 1 to 3days old Sprague Dawley
rats using the Neonatal Cardiomyocyte Isolation System
(Worthington Biochemical Corp). Whole hearts were isolated
from sacrificed pups and digested with trypsin (Promega)
and collagenase (Worthington Biochemical Corp) and
resuspended in DMEM/F12 (Gibco) supplemented with 1%
penicillin-streptomycin, 50mg/L gentamycin (Invitrogen,
ThermoFisher), and 10% FBS. Cells were pre-plated for
removal of noncardiomyocytes at 37°C for 1h and counted
using a hemocytometer. Cardiomyocytes were seeded on
gelatin-coated plates overnight in F12/DMEM growth
medium. Cells were replenished with fresh media the follow-
ing day for subsequent experimentation.

Transfections

For ectopic protein expression in Hek293T and C2C12 myo-
blasts, cells were transfected using polyethyleneimine (PEI) at
a ratio of 1:3 for DNA to PEl (mass/mass).?® Cardiomyocytes
were transfected using Lipofectamine 2000 (Invitrogen) using
instructions provided by the manufacturer. Cell medium was
replenished 16 h post-transfection and harvested 8h later.
For small interfering RNA (siRNA) experiments, cells were
transfected with Lipofectamine RNAIMAX (Invitrogen) follow-
ing the manufacturer’s instructions at 200 uM of siRNA. All
transfections were prepared in Opti-MEM (Gibco) medium in

separate tubes, then mixed and incubated at room tempera-
ture for 15 min before being added to the media.

Plasmids

FLAG-FOXP1 was a gift from Stefan Koch (Addgene plas-
mid # 153145; http://n2t.net/addgene:153145; RRID:
Addgene_153145). psDNA3.1 Foxp1A was a gift from Anjana
Rao (Addgene plasmid # 16362; https://n2t.net/addg-
ene:16362; RRID: Addgene_16362). EYFP ORF was amplified
with the primers including Hindlll and EcoRl site and inserted
into pcDNA3 (Invitrogen) for pcDNA3-EYFP. MEF2A was con-
structed by insertion of mouse MEF2A ORF amplified by PCR
primers with EcoRl and Xhol sites from mouse cDNA gener-
ated from C2C12 total RNA using Superscriptlll (Invitrogen)
with oligo-dT primer with into pcDNA3-EYFP. mCherry-FOXP1
was constructed by insertion of mCherry ORF at Hindlll/EcoRl
and PCR amplified FOXP1 was further inserted at EcoRl/Xhol
site to maintain reading frame of mCherry. GAL4-MEF2A,
VP16, and HA-PP1 o have been described previously.*®
4XMEF2-Luc and 3X-FLAG-MEF2Aconstrcuts have been
described previously.>* ckm-luc, myog-luc, and Renilla plasmid
(PRL-Renilla, Promega) have all been described previously.®'
The reporter construct pMCK-EGFP was a kind gift from A.
Ferrer-Martinez (Universitat de Barcelona, Spain).

Gene silencing

Depletion of FOXP1 using small interfering RNA (siRNA) was
done using siRNA (Sigma-Aldrich). For C2C12, cells were trans-
fected with siFOXP1 #1 (SASI_MmO01_00141050), siFOXP1 #2
(SASI_MmO01_00141051), and siFOXP1 #3 (SASI_Mm-1_
00141052), and universal scrambled siRNA (SIC001) were used
at 75nM concentrations. For cardiomyocytes, siFOXP1 #1
(SASI_Rn01_00044538), siFOXP1 #2 (SASI_Rn01_00044539), and
siFOXP1 #3 (SASI_Rn01_00044540), and universal scrambled
siRNA (SIC001) were used at 200 nM concentrations.

Antibodies

Antibodies for GFP (rat, monoclonal, #3H9) was from
ChromoTek, FOXP1 (rabbit, polyclonal, #2005S) and HA (rab-
bit, polyclonal, #C29F4) was purchased from Cell Signaling.
B-Actin (mouse, monoclonal, #sc-47778), Myf-5 (C-20) (rabbit,
polyclonal, #sc-302), and MCK (mouse, monoclonal, #sc-
365046) was purchased from Santa Cruz Biotechnology. FLAG
(mouse, monoclonal, #F3165) and Phospho-MEF2A (Thr312)
(mouse, polyclonal, #PA5-36666) was purchased from Sigma-
Aldrich. MyoG (mouse, monoclonal, #F5D) and MyHC (mouse,
monoclonal, MF20) was purchased from Developmental
Studies Hybridoma Bank (DSHB). Rabbit MEF2A polyclonal
antibody were produced in-house with the assistance of the
Animal Care Facility at York University (Toronto, ON, Canada).

Pharmacological treatments

To induce hypertrophy in the cardiomyocytes, phenylephrine
(Sigma-Aldrich, 200 uM) and vehicle control were added to
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the media and cardiomyocytes were cultured for 48 h before
harvesting for subsequent experimentation. C2C12 myoblasts
were treated with a p38/MAPK inhibitor (5B203580; 1 uM and
10 uM) or its inactive analogue (SB202474; 1uM and 10 pM)
(Sigma-Aldrich, #444190) for 24 h then harvested.

Protein extraction and western blot

Cells were harvested using NP-40 lysis buffer containing 0.5%
(V/V) NP-40, 50nM Tris-HCI, 150nM NaCl, 10mM sodium
pyrophosphate, 2mM EDTA, 0.1 M NaF, protease inhibitor
cocktail (Sigma-Aldrich), 1 mM phenyl methyl sulfonyl fluoride
(Sigma-Aldrich), and 1 mM sodium orthovanadate (Bioshop).
For C2C12 differentiated cultures, plates were fractionated
adding 1% trypsin for 2 min at room temperature before col-
lecting detached myotubes, and the remaining myotubes
were further removed by repeating incubation with 1%
trypsin. After brief washing with PBS, remaining reserve cells
were harvested using a cell scrapper. Extracted proteins were
denatured in SDS loading buffer at 100°C for 10 min and
loaded on an 8 or 10% SDS-polyacrylamide gel for size separ-
ation by electroporation at 100V for 1h. The proteins in the
gel were transferred onto an Immobilon-FL polyvinylidene
difluoride membrane (Millipore) with cold transfer buffer
(25 mM Tris-HCI, 192 mM glycine at pH8.3 with 10% methanol
(vol/vol)). Blots were blocked with 5% skim milk in Tris-
buffered saline (TBS)-T (10 mM Tris-HCI, 150 mM NACI with
10% 0.1% Tween 20) for 1 h. Membranes were incubated over-
night at 4°C with primary antibody in 1% skim milk in TBS-T.
Primary antibodies included MEF2A (1:500), FOXP1 (1:1000),
FLAG (1:1000), HA (1:1000), B-actin (1:1000), GFP (1:1000). The
following day the blots were washed with TBST and incubates
at room temperature with secondary antibody conjugated to
horseradish peroxide (HRP). Protein was detected by the HRP
substrate (Bio-Rad) and visualized and recorded using an
iBright CL1500 Imaging system (ThermoFisher).

GFP-nanobody trap sample preparation for LC-MS/MS

EYFP/EYFP-MEF2A proteins were produced in HEK293T cells
transfected with corresponding expression vector. EYFP/EYFP-
MEF2A proteins were immobilized onto the GFP binding pep-
tide (GBP) nanobody conjugated magnetic beads
(ChromoTech #gtma) and other cellular proteins were
removed by two washes with NP40 lysis buffer and then 1X
RIPA buffer. The resultant protein GBP-beads complex were
then incubated with nuclear protein enriched extract from
C2C12 cells. In brief, C2C12 cells were harvested and centri-
fuged at 500G at 4°C for 5min, and cells were resuspended
in hypotonic buffer 20mM Tris-HCl pH7.0, 10mM NadCl,
3 mM MgCl,) and NP40 was added to 0.05% and vortexed at
4°C for 5 min. Centrifugation was then performed at 500G at
4°C for 10min to pellet the nuclei. To extract nuclear pro-
teins, nuclei were resuspended in NP40 lysis buffer and vor-
texed for 30 min at 4°C. Following this, cellular debris was
pelleted by centrifugation at 10,000G at 4°C for 15min. The
nuclear protein enriched soluble fraction was then incubated
with the EYFP/EYFP-MEF2A bait proteins immobilized on GFP
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binding peptide (GBP) nanobody conjugated magnetic
beads at room temperature for 30 min. Unbound proteins
were depleted by 3x washes with NP40 lysis buffer and 1x
wash with PBS, remaining proteins were subjected to on-
bead trypsin digestion. Mass spectrometry was performed at
the SPARC BioCentre, Hospital for Sick Children, Toronto,
Canada.

Immunoprecipitation

Nontransfected cardiomyocytes and C2C12 myoblasts were
harvested using the procedure described above.
Immunoprecipitation was performed using Dynabeads
Protein G (Invitrogen, #10003D) washed with PBS then incu-
bated with Rabbit IgG 1:1000 (Cell Signaling; #2729) or
MEF2A antibody 1:500 in 1 mL PBS overnight. The following
day the beads were washed with PBS to remove unbound
antibody and then incubated with 1.2mg of protein lysate
overnight. Beads were washed once more with PBS and
eluted with SDS loading buffer at 100 °C for 10 min. For FLAG
immunoprecipitations, anti-FLAG M2 magnetic beads (Sigma,
#M8823) were washed with PBS prior to incubation with
1mg of lysate overnight. Beads were washed with PBS and
protein complex on the beads were eluted using a 3X FLAG
peptide solution for 1h. Eluted proteins were analyzed by
Western blotting.

Immunofluorescence

C2C12 myoblasts and cardiomyocytes were seeded onto
glass-bottom plates (MatTek Corp, P35GCOL-1.5-10-C) and
washed with cold PBS prior to fixation using 4% paraformal-
dehyde solution at room temperature for 10 min. Cells were
permeabilized using 90% ice cold methanol for 10 min then
washed with PBS and incubated with blocking buffer (5%
FBS in PBS) at room temperature for an hour. Plates were
then incubated overnight at 4°C with primary antibody in
blocking buffer. Plates were washed with PBS and incubated
at room temperature with an Alexa fluorophore conjugated
secondary antibody (Life Technologies) in blocking buffer. To
mark nuclei, Hoechst33342 (ThermoFisher, H3570) was added
to 1uM in PBS. To mark cell membrane, WGA488 (Biotium
#29022-1) was added to 1 uM in PBS. To mark cell cells were
visualized using a Zeiss Observer Z1 confocal fluorescent
microscope with a Yokogawa CSU-XI spinning disk and proc-
essed using ZEN 2.5 (blue) software (Zeiss).

Reporter gene assays

C2C12 and cardiomyocytes were washed with PBS and har-
vested in Luciferase lysis buffer (Promega) supplemented
with a protease inhibitor cocktail (Sigma-Aldrich, #78440).
Luciferase enzymatic activity was measured using a luminom-
eter (Berthold) using a Firefly luciferase substrate (Promega,
E1501) and Renilla luciferase substrate (Promega, E2820).
Luciferase values were normalized to transfection efficiency
corresponding Renilla luciferase activity. The average of the
triplicates was used for the calculation of fold-activation
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relative to the control. The error bar represents the standard
deviation of the three biological replicates in the experiment.
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