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Abstract

Background: Microdeletions of the MEFZC gene are linked to a syndromic form of autism
termed MEF2C Haploinsufficiency Syndrome (MCHS). MEF2C hypofunction in neurons is
presumed to underlie most of the MCHS symptoms. However, it is unclear in which cell
populations MEF2C functions to regulate neurotypical development.

Methods: Multiple biochemical, molecular, electrophysiological, behavioral and transgenic
mouse approaches were used to characterize MCHS-relevant synaptic, behavioral and gene
expression changes in mouse models of MCHS.

Results: We show here that MCHS-associated missense mutations cluster in the conserved DNA
binding domain and disrupt MEF2C DNA binding. DNA binding-deficient global MefZc
heterozygous mice (MefZc-Het) display numerous MCHS-related behaviors, including autism-
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related behaviors, changes in cortical gene expression, and deficits in cortical excitatory synaptic
transmission. We detected hundreds of dysregulated genes in Mef2c-Het cortex, including
significant enrichments of autism risk and excitatory neuron genes. In addition, we observe an
enrichment of upregulated microglial genes, but not due to neuroinflammation in the Mef2c-Het
cortex. Importantly, conditional Mef2c heterozygosity in forebrain excitatory neurons reproduces a
subset of the Mef2c-Het phenotypes, while conditional MefZc heterozygosity in microglia
reproduces social deficits and repetitive behavior.

Conclusion: Together, we show that mutations found in individuals with MCHS disrupt the
DNA-binding function of MEF2C, and DNA binding-deficient MefZc global heterozygous mice
display numerous MCHS-related phenotypes, including excitatory neuron and microglia gene
expression changes. Our findings suggest that MEF2C regulates typical brain development and
function through multiple cell types, including excitatory neuronal and neuroimmune populations.

Keywords
Mef2c; mouse; autism; neuron; microglia; neurodevelopmental disorder

Introduction:

Myocyte Enhancer Factor 2 (MEF2) proteins are members of the MADS family of
transcription factors that regulate gene expression during development and adulthood. In the
brain, MEF2C is important for neuronal differentiation and synapse development (1). MEF2
proteins regulate numerous genes associated with synapse formation and function as well as
multiple genes linked to neurodevelopmental disorders, including autism spectrum disorder
(ASD) (2-4). Constitutively-active MEF2C can promote glutamatergic synapse elimination,
a process requiring the RNA-binding function of the Fragile x Mental Retardation protein
(FMRP) (5-8). Conditional knockout of MefZc in neuronal populations within the mouse
brain produces a myriad of severe behavioral and synaptic phenotypes, which emphasizes
the importance of this gene in healthy brain development (2, 9-12).

MEF2C in the developing and mature brain is also expressed in microglia (13-15) — a
population of macrophage-like cells throughout the brain that regulates synapse formation
and pruning during early brain development (16-18). Microglia influence a number of brain
functions, including synapse elimination, synapse formation, fasciculation of the corpus
callosum, survival of oligodendrocyte precursor cells, and phagocytosis of other brain cells
(16, 19-24). Microglia are recognized as not just responding to infection or injury, but as
important regulators of brain development and function (25). In addition, microglial
dysfunction might play an important role in disease pathology for other neurodevelopmental
disorders, including Rett Syndrome (26-29).

Microdeletions on chromosome 5q14.3, that include the MEF2C gene, or point mutations
within the protein-coding region of MEFZC are linked to a recently described
neurodevelopmental disorder, termed MEF2C Haploinsufficiency Syndrome (MCHS) (30—
40). Common symptoms of MCHS include autism spectrum disorder (ASD), absence of
speech, stereotypical behaviors, hyperactivity, intellectual disability, hypotonia and motor
abnormalities, high pain tolerance, sleep disturbances, and epilepsy. Individuals with
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MEF2C point mutations typically present with fewer and/or milder symptoms (30-40). Due
to the abundance of neurological symptoms and neuronal-enriched expression of MEF2C,
MEF2C haploinsufficiency within neurons is presumed to underlie most, if not all, of the
MCHS symptoms. Interestingly, single-cell genomic profiling from cortical tissue of patients
with idiopathic autism revealed that upper-layer excitatory neurons and microglia are
preferentially affected in autism (41), and since both neurons and microglia express MEF2C,
we sought to explore the possible cell type-specific effects of MEF2C hypofunction in
MCHS-related behaviors in a construct-valid mouse model of human MCHS.

Methods and Materials:

Patients

Animals

Results:

Patients with developmental delay and a significant variant in the MEF2C gene were
selected for this study. These patients were seen for clinical genetics evaluations at the
Greenwood Genetic Center (Greenwood, SC) and data from these visits were gathered from
records review. Internal informed consent to review and publish the data was obtained for
each subject.

Mef2c*”~ (Mef2c-Het) mice were generated by crossing Mef2c-flox mice
(RRID:MGI:3719006) to Prm-Cre mice (Jackson Laboratory #003328). The Prm-Cre allele
was subsequently removed during repeated backcrossing to C57BL/6J wild-type mice.
Mef2c conditional heterozygous mice were generated by crossing Mef2c-flox mice with cell
type-selective Cre-expressing transgenic mice (EmxI-Cre (Jackson Laboratory #005628
(42)), PV-Cre (Jackson Laboratory #017320), Pcp2-Cre (Jackson Laboratory #004146), or
Cx3CrICreER/reER (Jackson Laboratory #021160 (20)) to generate Mef2c™"*:; Cre+
conditional heterozygous (Mef2c cHet) mice that were compared to their Cre-negative or
flox-negative littermates (Control). Experimenters were blinded to the mouse genotype
during data acquisition and analysis. All procedures were conducted in accordance with the
Medical University of South Carolina Institutional Animal Care and Use Committee
(IACUC) and NIH guidelines.

Detailed Materials and Methods can be found within the supplemental information.

Patient MEF2C missense mutations cluster in DNA binding and dimerization domains and
disrupt DNA binding

Deletions or mutations in MEF2C are assumed to create loss-of-function alleles that cause
the symptoms of MCHS (30-40). Given that microdeletions of 5914.3 often include
additional genes beyond MEF2C, we identified individuals with mutations within the
MEF2C protein-coding region, including an intragenic duplication (/.e. p.D40_C41dup) and
two missense variants (7.e. p.K30N and p.146T) (Table S1). We compared their clinical
histories to those associated with two previously reported missense variants in the MEF2C
gene (31). All five patients presented with global developmental delay and seizures.
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Common features of these individuals included absence of speech, repetitive movements,
hypotonia, varied, but inconsistent, abnormalities on brain MRI, and breathing disturbances.
High pain tolerance was noted in two of the patients. There were some minor facial
dysmorphisms noted, though there did not seem to be a consistently recognizable gestalt.
When a list of additional MCHS mutations was assembled (personal communications),
several frameshift and premature stop codon mutations were identified — all of which, if
stable, are predicted to produce a truncated MEF2C protein lacking its C-terminal nuclear
localization sequence. We noted that all of the MEF2C missense (or small duplication)
mutations were clustered within the highly conserved MADS (DNA binding) or MEF2
(dimerization) domains (Fig. 1A). In a MEF2 response element DNA binding assay, all five
of the MADS domain patient mutations caused a loss of MEF2C DNA binding (Figs. 1B-C,
S1A), and they did not appear to interfere with wild-type MEF2C DNA binding (Fig. S1B),
suggesting a loss-of-function phenotype.

Mef2c heterozygous mouse model

To model the genetics of MCHS in mice, we generated a global heterozygous MefZc mutant
mouse lacking exon 2 (Mef2c*'2EX2 or Mef2c-Het) (Fig. 1D), which encodes a large portion
of the MADS/MEF2 domains. The near full-length MEF2C2EX2 protein had no detectable
DNA binding affinity and did not reduce DNA binding affinity of wild-type MEF2C (Figs.
1E-F, S1C). We observed a non-Mendelian frequency of Mef2c-Hets, suggesting a partial
embryonic lethality (Fig. S1D), similar to a previous report (43). To assess for gross
morphological changes in Mef2c-Het brains, we measured the cortical thickness of the
barrel cortex. We did not observe differences in cortical thickness of the barrel cortex
between Mef2c-Hets and controls (Fig. S1E).

We examined whether male and female Mef2c-Het mice showed behavior phenotypes
reminiscent of MCHS symptoms. Using a three-chamber social interaction (SI) test, we
observed that Mef2c-Het mice have a lack of social preference with a novel same-sex mouse
(Fig. 2A). We also found that Mef2c-Het male and female pups (P7-P10) produced
significantly fewer ultrasonic vocalization (USV) calls during maternal separation (Fig. 2B),
and young adult Mef2c-Het males produced significantly fewer USV calls (Fig. 2C) in the
presence of an estrous female, suggesting that Mef2c-Hets have deficits in a putative
species-appropriate form of social communication. Male Mef2c-Hets were hyperactive in a
novel environment (Fig. 2E) and displayed an increase in jumping (Fig. 2F), a repetitive-
type motor behavior; however, young adult Mef2c-Hets displayed normal performance on
the accelerating rotarod test of motor coordination (Fig. 2D). In addition, Mef2c-Hets
showed increased exploration of the open, unprotected arm of the elevated plus maze (Fig.
2G). Interestingly, Mef2c-Het mice showed a reduction in startle response to electrical foot-
shocks (Fig. 2H). This phenotype might reflect reduced pain sensitivity, similar to MCHS
subjects (31, 33), since startle responses to multiple white-noise intensities were
indistinguishable from controls (Fig. S2A).

Despite a common occurrence of intellectual disability in MCHS, we failed to detect any
clear learning and memory-related deficits in Pavlovian fear conditioning tests (Figs. S2B-
D), the Barnes maze test for spatial learning and memory (Fig. S2E), and the Y-maze test for

Biol Psychiatry. Author manuscript; available in PMC 2021 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harrington et al.

Page 5

spatial working memory (Fig. S2F) in the Mef2c-Hets. These mice also showed a strong
preference for the novel object in the novel object recognition test (Fig. S2G), and normal
sucrose preference in a two-bottle choice test (Fig. S2H). In the cognitively-demanding
operant sucrose self-administration (SA) assay, the Mef2c-Hets displayed wild-type levels of
operant learning, operant discrimination (active vs. inactive port), context-related sucrose
seeking after abstinence, extinction learning and cue-induced reinstatement (Figs. 21-J, S2I-
L). Taken together, our findings suggest that, unlike the conditional knockout of MefZcin
Emx1-lineage cells (2) or a related study (43), the global loss of one functional copy of
Mef2c in mice is not sufficient to produce detectable deficits in learning and memory in the
C57BL6/J genetic background.

Mef2c-Het mice display input-selective reductions in cortical excitatory synaptic
transmission

In young Mef2¢c-Hets (p35-p40), gross structural organization of barrel fields within cortical
layer 4 of the SSCtx appeared normal (Fig. 3A), and in SSCtx layer 2/3 pyramidal neurons,
we detected no significant differences by genotype for intrinsic excitability (Fig. S3A),
dendritic spine density or spine head diameter of apical or basal dendrites (Fig. S3B), or
GABA-mediated inhibitory synaptic transmission (mIPSCs) (Fig. 3B). However, patch-
clamp recordings of layer 2/3 neurons revealed an input-selective deficit in glutamatergic
synaptic transmission. Electrical stimulation of horizontal fibers in layer 2/3 of a
neighboring cortical column produced a significant reduction in the amplitude of evoked
excitatory postsynaptic currents (eEPSCs) (Fig. 3C), suggesting a reduction in pre- and/or
postsynaptic transmission. Paired-pulse facilitation (PPF) analysis (50 ms interstimulus
interval) of local horizontal inputs revealed a significant increase in PPF ratio (Fig. 3C),
indicating a decrease in presynaptic release probability (44). These effects were input-
selective given that electrical stimulation of layer 4 (within the same cortical column)
produced eEPSC and PPF responses in layer 2/3 neurons that were indistinguishable from
controls (Fig. 3D). To examine if reductions in AMPA-mediated postsynaptic strength might
also contribute to the reduced horizontal eEPSCs (Fig. 3C), we measured miniature EPSCs
(mEPSCs) under conditions where action potentials are blocked pharmacologically. In layer
2/3 cells from Mef2c-Hets, we observed a significant reduction in mEPSCs amplitude (Fig.
3E), suggesting an overall reduction in AMPA-mediated postsynaptic strength. Similar to
layer 2/3, we also observed a significant reduction of mEPSC amplitude in SSCtx layer 5
pyramidal neurons of Mef2c-Hets (Fig. 3F), suggesting that the reduction in glutamatergic
postsynaptic strength is not limited to a specific cortical layer. Consistent with layer 2/3
pyramidal neurons, we did not observe any differences in dendritic spine density or dendritic
spine head diameter in basal dendrites from layer 5 pyramidal neurons (Fig. S3C). There
was no effect of genotype on layer 5 mEPSC frequency (Fig. 3F), but we observed a
significant increase in the layer 2/3 mEPSCs frequency (Fig. 3E) that was not explained by
an increase in dendritic spine density (Fig. S3B) or effects on presynaptic functions of local
inputs (Figs. 3C,D), and might represent a compensatory effect of long-range connections
(12).
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Mef2c-Het mice display dysregulation of cortical genes associated with ASD risk,
excitatory neurons and microglia

Using an unbiased RNA-sequencing (RNA-Seq) approach, we examined gene expression
from whole cortex in control and Mef2¢c-Hets (p35-p40), and we identified 490 genes that
were significantly dysregulated (FDR<0.05; Figs. 4A and S4A; Tables S2-S3). We
confirmed the differential expression of select Mef2c-Het differentially expressed genes
(DEGS) that are associated with ASD risk, microglia, and others by gRT-PCR (Fig. 4D). We
also investigated the association of Mef2c-Het DEGs with sequencing data from various
brain disorders. We found that the Mef2c-Het DEGs, particularly the downregulated genes,
were overrepresented in genes associated with ASD risk and FMRP binding (Figs. 4B,D;
Table S2). We also assessed enrichment for Mef2c-Het DEGs in genes that are dysregulated
in a meta-analysis of transcriptomic data across neuropsychiatric disorders (45).
Interestingly, Mef2c-Het DEGs, particularly the downregulated genes, were significantly
enriched for a PsychENCODE excitatory neuron module of genes that are downregulated in
ASD (versus other neuropsychiatric disorders) brains (geneM1; Fig. 4C; Table S2). Mef2c-
Het DEGs, particularly the upregulated genes, were enriched in PsychENCODE module 6,
which is a microglia module of genes upregulated in ASD, but downregulated in SCZ and
BPD (geneMs6; Fig. 4C; Table S2). Using single-cell RNA-seq data from mouse cortex (46),
we observed that Mef2c-Het DEGs were strongly enriched for cortical excitatory neuron
genes and microglia genes (Fig. S4B; Table S3), further supporting the importance of
MEF2C in regulating gene expression in the two key brain populations with high MEF2C
expression. Interestingly, enrichment for microglia genes was not detected on DEGs from
Emx1-Cre Mef2c conditional knock-out mice (Mef2c cKOEMXI-crey (2) (Fig. S4C),
underscoring the specific association between microglia and Mef2c-Hets. To further support
the role of MefZc in regulation of the DEGs, we analyzed MEF2C ChIP-Seq data from an
independent study (47). Notably, we found enrichment of Mef2¢-Hets DEGs in genes bound
by MEF2C in multiple genomic regions (Table S2; Fig. S4D). This result further validates
the key role of MEF2C in regulating genes associated with microglia and synaptic
etiologies.

Gene ontology analysis of the Mef2c-Het DEGs revealed significant enrichment of
microglia proliferation genes, cell metabolism genes, and genes in a microglia subpopulation
in the developing brain that is restricted to unmyelinated axon tracts (Fig. S5D). Since
Mef2c-Hets showed significant dysregulation of microglial genes (Figs. 4C,D), and MEF2C
is expressed in microglia in the developing and mature brain (Figs. S5A,B) (13-15), we
analyzed the Mef2c-Het brain for possible upregulation of the microglia cell-type and
neuroimmune activation marker, ionized calcium-binding adapter molecule 1 (Ibal) (48, 49).
In both the cortex and hippocampus, we observed a significant increase in Ibal expression
(Figs. 5A-C,E) without a change in the density of microglia (Fig. S5C), suggesting possible
microglial activation in the Mef2c-Het brain. This increase in Ibal was present without an
obvious change in microglial cell morphology or microglial cell soma volume (Figs.
5A,B,D,F). In addition, in the Mef2c-Het cortex, we observed no changes in classic- and
alternative-pathway pro-inflammatory genes, including Cd68, /16, Tnf; 1/10, and several
others (Fig. 5G). In addition, many cytokines in control and Mef2c-Het mice were
undetectable by cytokine antibody array, and there was no difference in the level of IFN-g
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between genotypes (Fig. S5E). However, we did note a significant increase in the expression
of several complement-related genes linked previously to synaptic pruning and/or ASD risk,
including C1gb, C1gcand C4b (Fig. 4D) (16, 19, 50-52). Moreover, we observed significant
enrichments of upregulated Mef2c-Het DEGs in sScRNA-seq gene clusters associated with
embryonic-like microglia, postnatal immature microglia, and homeostatic microglia (Fig.
5H). Taken together, these results reveal that the reduction of MEF2C levels has significant
impacts on microglia gene expression programs.

MEF2C contributes to neurotypical behaviors through key roles in forebrain excitatory
neurons and microglia

In the mouse brain, MEF2C is expressed in several neuronal cell types, including cortical
excitatory pyramidal cells, parvalbumin-positive GABAergic inhibitory neurons, and
cerebellar Purkinje cells, and in microglia (2, 9, 14, 15, 53-57). Since the Mef2c-Het mouse
cortex showed robust changes in both excitatory neurons and microglia gene expression
(Figs. 4,54), we generated cell type-specific conditional MefZc heterozygous mice to
explore the contribution of neurons versus microglia for the development of MCHS-like
phenotypes. We first generated mice heterozygous for Mef2c in Emx1-lineage cells (Mef2c-
cHetEmx1-cre) (42), which represents ~85% of forebrain excitatory neurons throughout the
cortex and hippocampus. Similar to the global Mef2c-Hets, the Mef2c-cHetEmxI-Cre mjce
displayed altered anxiety-like behavior and male-selective increases in locomotion and
repetitive jumping (Figs. 6A-C), but they showed no changes in social behavior or shock
sensitivity (Figs. 6D, S6A). Interestingly, similar to global Mef2c-Hets (Fig. 3E) and Mef2c
cKOEMXI-cre mice (2), we observed a reduction of mEPSC amplitude in layer 2/3 pyramidal
neurons from Mef2c-cHetEMX1-¢re mice (Fig. S6N). These findings suggest that Emx1-
lineage excitatory forebrain neurons contribute to the development of some, but not all, of
the behavior phenotypes observed in the global Mef2c-Hets. Interestingly, not all MEF2C-
expressing populations are critical for MCHS-related behaviors since MEF2C hypofunction
in PV-positive GABAergic interneurons (Mef2c-cHet”V“¢7€) or in cerebellar Purkinje cells
(Mef2c-cHet”eP2-¢re) showed behaviors indistinguishable from controls (Figs. S6B-K).

We next generated microglia-selective Mef2c heterozygous mice (Mef2c-cHetCx3eri-cre)
(Fig. S6L). The conditional mutant mice displayed social impairments in the 3-chamber
social interaction test (Fig. 6H), similar to global Mef2c-Het mice. In addition, Mef2c-
cHet&x3er-cre mice showed a significant increase in male-specific repetitive jumping (Fig.
6G), but with no discernable effects on exploratory activity (Fig. 6F), anxiety-like behavior
or shock sensitivity (Figs. 6E,S6M). To investigate the possible influence of microglial
MEF2C hypofunction on neuronal function, we recorded horizontally-evoked EPSCs in
layer 2/3 of the somatosensory cortex of Mef2c-cHetSX3¢r1-¢e and controls. Similar to global
Mef2c-Het mice, we observed a decrease in eEPSC amplitude in the Mef2c-cHetcx3crl-cre
mice (Fig. 61). Interestingly, if we analyze by sex, the decrease in eEPSC amplitude is driven
by males (Figs. S6P,Q). However, unlike the global Mef2c-Het mice, no deficits in
presynaptic function were detected by paired-pulse ratio analysis in the Mef2c-cHetx3erz-cre
mice (Fig. 6J). Taken together, our results suggest that: (1) Mef2c haploinsufficiency in early
postnatal microglia is sufficient to produce autism-related behaviors, (2) MEF2C-deficient
microglia can produce a non-cell autonomous influence on excitatory synaptic transmission
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of layer 2/3 pyramidal neurons, and (3) the majority of MCHS-like phenotypes in the global
Mef2c-Hets can be recapitulated by MEF2C hypofunction in both forebrain excitatory
neurons and microglia.

Discussion

We report here three new MEF2C mutations in individuals with MCHS-related symptoms,
and all of these mutations disrupted MEF2C DNA binding. Interestingly, all of the known
MCHS missense or duplication mutations cluster within the highly-conserved DNA binding
and dimerization domains (Fig. 1A) (58). DNA binding-deficient MefZc heterozygous mice
displayed numerous behavioral phenotypes reminiscent of MCHS, including deficits in
social interaction and communication (USVs), motor hyperactivity, repetitive behavior,
anxiety-related behavior and reduced sensitivity to a painful stimulus (footshock). Unlike a
previous study (43), the Mef2c-Hets did not show any clear learning and memory deficits,
which might support a unique, primate-specific role of MEF2C (59) or reflect a background
strain interaction. The Mef2c-Hets also possessed input-selective, pre- and postsynaptic
deficits in glutamatergic excitatory synaptic transmission in the somatosensory cortex. Gene
expression analysis of cortical tissue from Mef2c-Hets revealed significant enrichment of
differentially-expressed genes linked to ASD risk, excitatory neurons and microglia, which
is notable considering the enrichment of dysregulated genes linked to cortical excitatory
neurons and microglia in brains of individuals with idiopathic ASD (41). Conditional Mef2c
heterozygous mice in Emx1-lineage cells, which represent predominantly forebrain
excitatory neurons, reproduced several of the global Mef2c-Het behaviors and cortical
synaptic phenotypes. Consistent with the dysregulation of microglial genes in Mef2c-Het
mice, early postnatal conditional Mef2c heterozygosity in Cx3cri-lineage cells, which are
almost exclusively microglia in the brain (48, 49, 60), produced offspring with social
deficits, increased repetitive behavior, and reduced cortical glutamatergic synaptic
transmission, suggesting a critical role for MEF2C in microglia during neurotypical
development and behavior and supporting the growing view that microglial dysfunction in
the developing brain can underlie ASD symptoms.

It’s interesting that we observed male-selective effects of Mef2c heterozygosity on
hyperactivity and/or jumping behavior in MefZ2c-Het and Mef2c-cHet mice (Figs. 2E,F;
6B,C,G), suggesting an interaction between sex-based mechanisms and MEF2C functions.
Indeed, numerous studies show that both neuron and microglia functions can be
differentially regulated in males and females (61-64). It is also interesting to note that
Mef2c-Het DEGs linked to excitatory neurons show a preferential downregulation, whereas
Mef2c-Het DEGs linked to microglia display a preferential upregulation. MEF2C is reported
to function as both a transcriptional activator and a repressor, and there are cell type-specific
signaling mechanisms that regulate MEF2C activity (2, 65, 66).

MEF2 proteins can regulate activity-dependent glutamatergic synapse elimination (5-7, 67),
and MEF2C can function in cortical pyramidal neurons as a cell-autonomous transcriptional
repressor to regulate dendritic spine density, synapse number and AMPA-mediated
postsynaptic strength (2, 11). Conditional knockout of both Mef2c alleles in forebrain
excitatory neurons produces mice with dramatic changes in cortical synapse functions,
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including decreased glutamatergic synaptic transmission, numerous alterations in typical
mouse behaviors, and differential gene expression (2, 9, 10, 12). In the present study, we
detected an input-selective reduction in glutamatergic synaptic strength in layer 2/3
pyramidal neurons from Mef2c-Hets, as well as a reduction in presynaptic release from local
layer 2/3 inputs (Fig. 3C). Interestingly, we also observed an increase in mEPSC frequency
in these neurons (Fig. 3E) that is possibly due to an increase in synaptic inputs from long-
range cortico-cortical inputs that was observed in sparse cell-autonomous Mef2c cKO in
layer 2/3 cortical neurons (11). Interestingly, Mef2c-Hets showed similar changes in basal
glutamatergic synaptic transmission (/.e. reduced mEPSC amplitude and increased mEPSC
frequency) in dentate gyrus granule neurons, and pharmacological manipulation of NMDA
receptors rescued numerous phenotypes in the mutant mice (43). We also found that
disruption of one copy of Mef2cin microglia (Mef2c cHetSX3CT1-¢ré) (Fig. 61) or in
excitatory pyramidal neurons (Mef2c cHetE™x1-¢ré) (Fig. S6N,0) is sufficient to reduce
glutamatergic strength in layer 2/3 pyramidal neurons, suggesting that MEF2C functions in
both neuronal and nonneuronal populations to regulate glutamatergic synaptic development
and transmission.

Since MCHS symptoms are reported predominantly from macro- and microdeletions that
disrupt MEF2C and multiple neighboring genes, we sought to identify possible loss-of-
function MEF2C mutations within its protein coding region to better understand the
relationship between symptoms and MEF2C. By comparing multiple new MEF2C-related
mutations from individuals with developmental delay and other MCHS-associated
symptoms, we observed that all of the missense mutations concentrated within the MEF2C
DNA binding and dimerization domains (MADS/MEF2). All tested mutations dramatically
reduced MEF2C DNA binding (Fig. 1), suggesting loss-of-function mutant alleles; however,
it remains possible that the mutated MEF2C proteins could influence cell function by
titrating required MEF2C co-factors. In addition, there were multiple mutations that
produced a premature stop codon or a frameshift predicted to produce a truncated MEF2C
lacking the C-terminal nuclear localization sequence, again presumably causing a nuclear
loss-of-function or a dominant-interfering form of the protein.

Most MCHS individuals (30-40) have robust physical and behavioral abnormalities and
some show abnormal brain MRI scans, but no consistent effects are observed between
subjects. Reported abnormalities are broad, including periventricular heterotopia, changes in
corpus callosal thickness (thinned or thickened), ventricular changes (asymmetrical or
enlarged), and changes in the gyral pattern of the cerebrum (30, 33, 34). MefZ-Het mice did
not have obvious changes in gross brain structures including cortical thickness (Fig. S1E),
highlighting potential differences in brain development between humans and mice. Detailed
analysis of Mef2c-Het brain structures will be important to determine if subtle
morphological differences exist.

Developing and mature microglia play important roles in brain development, including
synaptic phagocytosis (16, 17). Microglia also mediate synapse patterning, neurogenesis,
myelinogenesis and cellular phagocytosis (18, 20, 24). MEF2C is expressed in both human
and mouse microglia, and MEF2 proteins regulate microglia development (15). Microglia-
enriched RNAs are dysregulated in human cortex from idiopathic ASD brains (41) and in
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the mouse Mef2c-Het cortex (Figs. 4, S4), and we find that Mef2c hypofunction in microglia
is sufficient to produce autism-like behaviors in mice (Figs. 6G,H) and alter cortical
glutamatergic signaling (Figs. 61,J). Interestingly, despite a strong increase in the Mef2c-Het
brain of the microglia cell type and activation marker, Ibal, (Fig. 5) as well as other
microglia genes including several complement genes (e.g. C1gb, C1gcand C4b),
osteopontin (SppI), and Cathepsin S (Ctss) (Figs. 4C,D), we failed to detect a clear
signature of basal neuroinflammation in the Mef2c-Het brains (Fig. 5G). Our findings
suggest that loss of one Mef2c allele does not produce classic microglial “activation”, but
rather that microglial development, function or maturation might be perturbed. Of note,
Mef2c-Het DEGs showed enrichment for a SCRNA-seq cluster of genes associated with
embryonic and immature postnatal microglia, suggesting a possible delay in microglia
maturation in the Mef2c-Het mice. Future studies will be important to determine the precise
roles of MEF2C in microglial development and function, and whether MefZ2c heterozygosity
alters one or more of the numerous reported roles for microglia in brain development.

Taken together our findings reveal that MEF2C hypofunction throughout development
produces numerous complex changes in cortical synaptic transmission, gene expression and
behaviors reminiscent of MCHS and ASD. Specifically, the Mef2c-Het behaviors are
associated with robust, input-selective deficits in cortical excitatory synaptic transmission,
and disruption of excitatory neuronal and microglial gene expression. Importantly, our cell
type-selective manipulations strongly suggest that MEF2C contributes to neurotypical
development through critical roles in both neuron and neuroimmune subpopulations,
including forebrain excitatory neurons (Emx1-lineage) and microglia (CX3CR1-lineage).
Understanding the role of MEF2C in these cell populations in the body are likely to provide
important new insights into effective treatment strategies for symptoms of MCHS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MCHS associated mutations in MEF2C disrupt DNA binding. (A) Schematic of the MEF2C

protein with locations of MCHS mutations. MCHS mutations in green are further
characterized (B-C). MCHS mutations that are newly described in this manuscript are
denoted with *“ * . MCHS mutations not previously reported (personal communications) are
denoted by “ ** “, The alternatively spliced beta (green) and gamma (blue) domains are
shown. All MEF2C transcripts contain a C-terminal Nuclear Localization Sequence (NLS)
that is disrupted by the frame-shift (fs) mutations. (B) Western blot of MEF2C wild-type
(WT) and MCHS mutations in 293-T cells show that all MCHS mutations lead to protein
expression. Arrows denote WT and mutant protein MEF2C bands. (C) Electrophoretic
mobility shift assay (EMSA) using fluorescently labeled MEF2 response element (MRE)
probe and MEF2C protein lysates from 293-T cells containing MEF2C mutations. MEF2C
bound probe is shifted in the gel (denoted by “+”). Unbound fluorescent probe is denoted
with a “=*. Only MEF2C WT binds to the fluorescently labeled MRE, while MCHS mutant
proteins fail to bind the MRE probe (C). Quantification of bound probe is included (C). (D)
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Western blot of MEF2C from cortical lysates of control and Mef2c-Het mice. The black
arrow denotes MEF2C WT and red arrows denote MEF2C DelEx2 (D,E). (E) Western blot
of MEF2C WT and MEF2C DelEx2 from 293-T cells. (F) MEF2C DelEx2 fails to bind the
MRE probe and does not interfere with MEF2C WT binding to MRE probes. “+” is bound
probe. “=* is unbound probe. Data are reported as mean + SEM. Also see Figure S1.
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Figure 2.
Mef2¢-Het mice display multiple MCHS-relevant behaviors. (A) Three chamber social

interaction test. Control mice spent significantly more time interacting with a novel animal
over a novel object while the Mef2c-Het mice showed no preference for the novel object or
the novel animal. (B) Mef2c-Het pups emitted fewer ultrasonic vocalizations (USVs) during
maternal separation in early post-natal development. (C) Adult male Mef2c-Het mice
produced fewer USVs that control mice in the presence of a female mouse in estrous. (D)
Both control and Mef2c-Het mice have similar latencies to fall on an accelerating rotarod.
(E,F) Male Mef2c-Het mice are hyperactive (E) and show increased jump counts (F). (G)
Mef2c-Het mice spend significantly more time on the open arms of the elevated-plus maze.
(H) Mef2c-Het mice have reduced response to shock. (1) Both control and Mef2c-Het mice
increase the number of active port entries (solid line) during sucrose self-administration.
Dashed line represents inactive port entries. (J) Both control and Mef2c-Hets show similar
active port entries during cue-induced reinstatement of sucrose seeking. Data are reported as
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mean £ SEM. Statistical significance was determined by 2-way ANOVA (A,B,H,I) or
unpaired t-test (C-G,J). *p<0.05, **p<0.01, ***p<0.005, n.s. = not significant. Number of
animals (n) are reported in each graph for respective experiment. Also see Figure S2.
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Figure 3.
Mef2c-Het mice have alterations in cortical synaptic transmission. (A) Both control and

Mef2c-Het mice have normal barrel fields in the somatosensory cortex, as reflected by
VGlut2 staining. Scale bar=500 pm. (B-F) Ex vivo recordings from organotypic slices were
collected from pyramidal neurons within the barrel cortex field. (B) No changes were
observed in mIPSC amplitude or frequency in the MefZ2c-Het layer 2/3 pyramidal neurons.
(C) Reduced EPSC amplitude and increased paired pulse facilitation (PPF) were observed in
layer 2/3 Mef2c-Het neurons after stimulating input neurons from neighboring layer 2/3
neurons in adjacent barrel fields (horizontal inputs). (D) No changes in evoked EPSC
amplitude or PPF were observed in layer 2/3 pyramidal neurons after stimulating input
neurons from layer 4 (vertical inputs). “R” is recording electrode. “S” is stimulating
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electrode. (E,F) Mef2c-Het cortical pyramidal neurons have reduced mEPSC amplitude in
layer 2/3 (E) and layer 5 (F), and increased mEPSC frequency in layer 2/3 (E). Data are
reported as mean + SEM. Statistical significance was determined by unpaired t-test.
*p<0.05. Number of cells and animals, respectively, are reported in each graph. Also see
Figure S3.
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Figure 4.

Differentially expressed genes in Mef2c-Het cortex. (A) Heatmap showing differentially

expressed genes (DEGS) in Mef2c-Het cortex (p35-p40) compared with controls. In red, are
genes with higher expression; in blue, are genes with lower expression. (B) Mef2c-Het
DEGs are significantly enriched in genes associated with FMRP, ASD, or scored ASD
(ASD_1-3; high-confidence ASD genes) (see Methods). (C) Mef2c-DEGs are enriched in
gene modules dysregulated in neuropsychiatric disorders, specifically the M1 and M6
modules. (D) gPCR validation of select Mef2c-Het DEGs associated with autism, microglia,
or other cellular functions. Data are reported as mean + SEM (D). Statistical significance

was determined by unpaired t-test (D). *p<0.05, **p<0.01, ***p<0.005, ****p<0.0005. See
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Methods for statistical analysis of A-C. Number of animals (n) is 4/genotype for RNA-Seq
and 5/genotype for gPCR validation. Also see Figure S4.
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Figure 5.

Mef2c-Het mice exhibit increased Ibal expression levels. (A,B) Representative images of
Ibal-positive microglia in the SSCtx in control (A) and Mef2c-Het mice (B). (C,E) Mef2c-
Het mice have a right-shifted cumulative frequency distribution of mean Ibal intensities in
Ibal-positive cells (microglia) in the SSCtx (C) and hippocampus (E) compared to controls.
Gray line represents distribution of control cells and black line represents distribution of
MeF2c-Het cells. (D,F) There is no difference in the cell soma volume of Ibal positive cells
(microglia) in the SSCtx (D) or hippocampus (F) between controls and Mef2c-Het mice. (G)
Fold changes of genes associated with microglial activation in controls and Mef2c-Hets. (H)
MeF2c-Hets have an upregulation of genes expressed in postnatal immature, homeostatic,
and embryonic microglia. Unless specified, data are reported as mean + SEM. Statistical
significance determined by Kolmogorov-Smirnov test (C,E) or unpaired two-tailed nested t-
test (D,F), unpaired two-tailed t-test (G). ****<0.0001. Sample sizes for each genotype are
denoted on bars of or above each graph unless otherwise specified. Images (A,B) have
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contrast and brightness enhanced for ease of viewing. Images are modified equally for both
genotypes. Also see Figure S5.
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Figure 6.

Cell type-selective phenotypes in Mef2c conditional heterozygous (Merf2c-cHet) mice. (A-
D) Behaviors in Mef2c cHetc™XI mice. (A) Mef2c cHet5™I mice spend more time on the
open arms of the elevated plus maze. (B,C) Male Mef2c-cHet £*1 mice are hyperactive (B)
and show increased jump counts (C). (D) Mef2c cHet5™Z mice have normal social
interaction. (E-H) Behaviors in Mef2c cHet3¢'! mice. (E) Mef2c cHet“¥3¢"I mice are
similar to controls in elevated plus maze. (F,G) Male Mef2c cHet“*3¢"1 mice have normal
activity (F) but show increased jump counts (G) compared to control mice. (H) Mef2c
cHet&*3¢I mice have a lack of preference for interacting with a novel mouse (social) over
the novel object. (1,J) Mef2c cHet“*5¢I mouse layer 2/3 pyramidal neurons have decreased
evoked EPSC amplitude (1) without a change in paired pulse facilitation (J). Data are
reported as mean + SEM. Statistical significance was determined by unpaired t-test (A-C, E-
G, 1-J) or 2-way ANOVA (D,H). n.s. = not significant, *p<0.05, **p<0.01, ***p<0.005, n.s.
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= not significant. Number of animals (A-H) or cells/animals (I-J), respectively, are reported
in each graph for respective experiment. Also see Figure S6.
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