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MEF2Cencodes a transcription factor thatis critical in nervous system
development. Here, to examine disease-associated functions of MEF2C
inhuman microglia, we profiled microglia differentiated fromisogenic
MEF2C-haploinsufficient and MEF2C-knockout induced pluripotent stem cell
lines. Complementary transcriptomic and functional analyses revealed that
loss of MEF2C led to a hyperinflammatory phenotype with broad phagocytic
impairment, lipid accumulation, lysosomal dysfunction and elevated basal
inflammatory cytokine secretion. Genome-wide profiling of MEF2C-bound
sites coupled with the active regulatory landscape enabled inference of its
transcriptional functions and potential mechanisms for MEF2C-associated
cellular functions. Transcriptomic and epigenetic approaches identified
substantial overlap with idiopathic autism datasets, suggesting a broader
role of human microglial MEF2C dysregulationinidiopathic autism.Ina
mouse xenotransplantation model, loss of MEF2C led to morphological,
lysosomal and lipid abnormalities in human microgliain vivo. Together,
these studies reveal mechanisms by which reduced microglial MEF2C could
contribute to the development of neurological diseases.

Microglia are the tissue-resident macrophages of the brain, with a dis-
tinct ontogeny and gene expression pattern compared to other cells
of the myeloid lineage’. Microglia contribute to classic macrophage
activities, such as phagocytosis and initiation of pathogen-associated
inflammatory responses, as well as crucial brain-specific processes
including neurogenesis®’, plasticity and learning*®, elimination of
apoptotic neurons®” and modulation of synaptic networks®’. Dys-
regulation of microglia is increasingly recognized in the pathogenesis

of neurodevelopmental, neuropsychiatric and neuroinflammatory
disease'®". These ‘microgliopathies’ include microglia-specific single-
gene mutations and broad groups of neurodegenerative and neuroin-
flammatory diseases lacking specific genetic diagnoses. Neuroinflam-
mation has been implicated in the pathogenesis of autism spectrum
disorder (ASD), with increased levels of inflammatory cytokines and
other markers of inflammation described in postmortembrain samples
and cerebrospinal fluid of individuals with ASD'>",
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Myocyte enhancer factor 2C (encoded by MEF2C) is atranscription
factor expressed in neurons and microglia, with known roles in neural
crest development and neuronal migration**". Changes in MEF2C
expression have been noted in disease contexts and with inflamma-
tory perturbations'®”. MEF2C downregulation has been associated
with the deleterious effects of aging and Alzheimer’s disease (AD)"*%,
and genome-wide association studies have linked MEF2Cto late-onset
AD"?, Additionally, MEF2C haploinsufficiency syndrome (MHS)
results in severe developmental delay and intractable epilepsy*?,
implying that MEF2C may be broadly involved in ASD and other neu-
rodevelopmental disorders. Together, these data suggest a prominent
role for MEF2Cin diverse neurodevelopmental, neuropsychiatricand
neurodegenerative disorders.

The DNA-binding motif for the MEF2 family of transcription factors
ishighly conserved and enriched in microglia-specificenhancers across
species® %, with MEF2C predicted as the key family member”. Previous
studies have delineated the importance of neuronal MEF2C>"7?%%° Yet
very few studies have investigated the role of MEF2C in microglia at
homeostasis and in developmental or neurological disorders. Moreo-
ver, these studies have only used mouse models. A recent study found
that global Mef2c'~ heterozygous mutant mice display autism-related
behaviors and deficits in cortical excitatory synaptic transmission?.
Dysregulation of microglia-related gene expression suggested amicro-
glial component to developmental phenotypes in these mutant mice. In
another mouse study, microglia-specific Mef2c knockout (KO) resulted
innotranscriptomic differences, but changesinIbal protein expression
and decreased social preference were reported only after proinflam-
matory stimulation'®. These studies have indicated that microglial
MEF2C may have arolein normal brain development andinregulating
the inflammatory environment of the brain. However, they fall short
of describing how MEF2C regulates microglial function and response
to environmental cues. Therefore, to understand how perturbations
in microglial MEF2C function may underlie neurodevelopmental and
neurodegenerative disorders, studies examining the function of MEF2C
inhuman microglia are critically needed.

In this study, we generated MEF2C heterozygous and homozy-
gous loss-of-function lines of induced pluripotent stem (iPS) cells,
differentiated theselinesintoiPS cell-derived microgliain vitro called
induced microglia (herein, iMGs) and identified the transcriptional,
epigeneticand functionalimplications of reduced MEF2C expression
in human microglia. MEF2C-deficient iMGs exhibited a hyperinflam-
matory gene program recapitulating signatures seen in neuropsychi-
atric disorders and in neurodegenerative and aging microglia. Loss
of microglial MEF2C also resulted in functional changes, including
lysosomal dysregulation with impaired phagocytosis; a proinflamma-
tory phenotype withincreased release of nitric oxide, reactive oxygen
species (ROS) and proinflammatory cytokines and aging-associated
functional deficits. Using chromatin immunoprecipitation both for
active histone marks and for MEF2C itself, we identified potential
MEF2C-associated transcription factor interactions and overlaid these
networks with human-specific genetic disease variants. Finally, to dem-
onstrate that MEF2C-associated phenotypes canbereproducedinvivo,
we xenotransplanted MEF2C-deficientiPS cell-derived microgliainto
achimeric mouse model. Together, these studies provide key insight
into the functions of MEF2C in human microgliain vitro andin vivoand
suggest how loss of MEF2C contributes to key aspects of neurodevel-
opmental disorders and aging-related phenotypes.

Results

MEF2C in human microglia across neurodevelopment

MEF2C hasbeen predicted to be a critical regulator of microglial devel-
opment and function**%. To assess MEF2C in microglia throughout
human brain development, we examined microglial MEF2C expres-
sioninboth primary fetal and postnatal human brain tissue” (Fig. 1a).
Analysis of transcriptomic data we previously published” revealed

that MEF2CRNA was enriched inisolated microglia compared to bulk
cerebral cortex at both fetal and postnatal developmental stages
(Fig.1b).In both fetal and postnatal stages, immunostaining revealed
that nearly all IBA1" microglia were also positive for MEF2C, whereas a
subset of CTIP" neurons co-stained for MEF2C (Fig. 1c,d and Extended
DataFig.1a,b). MEF2C intensity was higher in fetal IBA1" microglia than
in CTIP" neurons, whereas MEF2C intensity was equivalent between IBA*
microglia and CTIP* neurons in postnatal brains (Fig. 1d). In keeping
with prior transcription factor network analysis identifying MEF2C as
integral to the fetal microglial stage”, these data suggest that microglial
MEF2C may be especially important at early gestational ages.

CRISPR-Cas9-edited iPS cell-derived model for
MEF2C-deficient microglia

To further examine the role of MEF2C in microglia development and
function, we generated an in vitro iPS cell-based model of MEF2C
deficiency using CRISPR-Cas9-mediated gene editing technology
to generate frameshift mutations in MEF2Cin one allele (modeling
MHS) or both alleles (KO). In the CRISPR-editing process, three dif-
ferent guide RNAs targeting the MADS or MEF2 domain were used
(Fig. 1e) to generate multiple control, MHS and KO isogenic iPS cell
lines (Supplementary Table1and Extended DataFig. 1c,d).iPS cell lines
from all genotypes were differentiated into iMGs, and loss of MEF2C
proteinwas confirmed (Fig. 1f,g and Extended Data Fig. 2a). There was
a dose-dependent decrease in MEF2C protein in MHS compared to
control iMGs, suggesting an appropriate model of haploinsufficiency
(Fig.1f,g). Notably, loss of MEF2C protein produced profound changes
inmicroglial morphology. We leveraged a high-throughput automated
image analysis approach to characterize microgliaramifications, iden-
tifying thatloss of MEF2C resulted in decreased length and complexity
of ramifications in a genotype-dependent manner (Fig. 1h,i). Further,
analysis of microglial marker expressionidentified anincrease in CD45
expression withamodest reductionin CX3CR1 expression (Extended
DataFig. 2c,d). Together, the changes in morphology and elevated
CD45 expression suggest that MEF2C may be involved in regulating
microglial homeostasis.

MEF2C regulates inflammatory and disease-associated genes
Toinvestigate the effect of MEF2C dosage on overall gene expression,
we performed RNA sequencing (RNA-seq) on iMGs across all three
genotypes. We first queried if loss of MEF2C impacted microglial fate.
Principal component analysis demonstrated that MHS and KO iMGs
clustered with control iMGs near primary ex vivo microglia®*, but not
near other monocytes (Extended Data Fig. 3a,b). For differential gene
expression analysis, we used a linear model to account for all group
comparisons and uncover potential patterns of differentially expressed
genes (DEGs; Fig. 2a). There were no significant DEGs between the
controland MHS groups, although there wasatendency (0.05 < P< 0.1)
toward two distinct patterns of DEGs: downregulation of genes related
to celladhesion, actin cytoskeleton organization and synapse organi-
zation as well as upregulation of genes enriched in lysosome function,
lipid metabolism and immune activation (Fig. 2b).

We observed strong and significant changes in gene expression
between control and MEF2C-KO iMGs (Fig. 2¢) and therefore focused
on comparing the control and KO groups. Differential expression
analysis revealed 964 up- and 606 downregulated genes (FDR < 0.05,
fold change (FC) > 1.5) in MEF2C-KO iMGs (Fig. 2c). Upregulated DEGs
were enriched in similar processes as MHS microglia: neuroimmune
reactivity, phagosome function, lysosome function and lipid metab-
olism (Fig. 2d). In addition, downregulated genes were enriched in
cell adhesion, synapse organization and lymphocyte differentiation
(Extended Data Fig. 3c), suggesting coordinated changes with loss
of MEF2C. Moreover, loss of MEF2C led to a downregulation of core
microglia genes (for example, TMEM119 and CX3CRI), suggesting a
loss of homeostatic control. To predict potential upstream regulators
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Fig.1|MEF2Cis expressed by microglia throughout development, and loss
of MEF2C leads to phenotypic changes. a, Experimental schematic. Fetal and
postnatal brain cortical RNA sequencing data were previously published”. In
parallel, brain cortical samples were fixed and stained for MEF2C, CTIP and IBA1
across developmental time points. b, MEF2CRNA levels are greater in isolated
microglia thanin bulk cortex at both fetal (n =19 microglia and 10 bulk cortex)
and postnatal (PN; n = 18 microglia and 5 bulk cortex) developmental stages.

¢, Representative confocal images from the cortex of human brain tissue at
gestational week (GW) 11 demonstrating colocalization of MEF2C with IBA1*
microgliaand CTIP* cortical neurons. Left, MEF2C colocalization with IBA*
microglia across developmental stages (fetal stages: GW11, 13 and 17; postnatal
stage: 17 years (YR)).d, Quantification of MEF2C" cells demonstrates more
colocalization in IBA1* microglia than in CTIP* cortical neurons in both fetal

and postnatal human brain. Fetal microglia also demonstrate higher MEF2C
intensity than fetal cortical neurons. Microglia and cortical neurons in postnatal
brains demonstrate equivalent levels of MEF2C intensity (n = 1fetal (GW 17) and
2 postnatal (17 and 20 YR) samples; data points represent technical replicates,
the mean measurement from five to ten fields per section from three sections
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persample); AU, arbitrary units. e, Schematic of the CRISPR-Cas9 strategy for
MEF2C haploinsufficiency (MHS) and KO human iPS cell lines. f, Quantification
of western blots showing a dose-dependent reduction in MEF2C protein in MHS
and KO iPS cell lines differentiated into microglia (iMGs; n = 3 independent
iPScell lines per genotype). g, Representative confocal images demonstrating
genotype-dependent knockdown of MEF2C protein levels in iMGs (replicated
acrossalllines; n =3 independent iPS cell lines per genotype). h, High-
throughput image segmentation of iMG morphology for all genotypes. i, High-
throughputimage analysis identifying MEF2C dose-dependent reductionsin
microglia ramification length and number of branch points per cell body cluster
in MHS and KO iMGs (n = 7 control (Ctl), 10 MHS and 9 KO iMG biological samples
derived fromindependent iPS cell lines from separate differentiation batches);
scalebars,10 pminc,gandh.Datainb, d,fandiare presented as mean +s.e.m.
Data pointsinirepresent the mean measurement for all technical replicates
from one independent line in a differentiation batch. Statistical analyses in

b, d,fandiwere performed using one-way analysis of variance (ANOVA) with
Pvalues adjusted for multiple comparisons by Tukey’s method. Graphicsina
and e were created using BioRender.com.
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of these coordinated changes in gene expression, we leveraged the
upstream regulator analysis tool in Ingenuity Pathway Analysis (IPA).
Lipopolysaccharide (LPS) and TNF were predicted to be upstream
regulators in MEF2C-KO microglia for both up- and downregulated
genes (Fig. 2e and Extended Data Fig. 3d), suggesting changes in neu-
roimmune signaling with loss of MEF2C.

MEF2C deficiency recapitulates neuropsychiatric
transcriptomic signatures

MEF2C is broadly implicated in neuropsychiatric disorders'®. There-
fore, we queried how much our microglial MEF2C model replicates the
neuropsychiatric brain transcriptomic signature from the PsychEn-
code consortium, whichincludes whole-brain RNA-seq data from indi-
viduals diagnosed with ASD, bipolar disorder (BD) and schizophrenia
(SCZ)*°. Comparisons between previously published coexpression
network analyses from Gandal and colleagues®® and our analysis
revealed significant overlap in key modules from PsychEncode,
including the microglia-specific module (gene Module 6; Fig. 2f). Spe-
cifically, DEGs upregulated in MEF2C-KO iMGs compared to control
iMGs significantly overlapped with the PsychEncode neuroimmune
modules, suchas gene Module 5 (NF-kB), gene Module 32 (interferon
(IFN) response) and gene Module 34 (chromatin-modifying enzymes;
Fig. 2f). These modules were also upregulated in brains from indi-
viduals with idiopathic ASD*. By contrast, DEGs downregulated in
MEF2C-KO iMGs overlapped with gene Module 21 (early response
genes; Fig. 2f), which are also downregulated in SCZ and BD. Together,
these findings suggest that our iMG model of MEF2C loss may capture
critical phenotypes of neuropsychiatric and neurodevelopmental
disorders such as ASD.

Network analysis identifies neuropsychiatric-associated

gene modules

To further identify molecular targets and develop network-based
hypotheses for testing MEF2C function, we next performed a
systems-level analysis of MEF2C gene expression using Weighted
Gene Correlation Network Analysis® (WGCNA; Extended Data
Fig. 4a-c). Two modules were highly positively correlated with loss
of MEF2C.

The first module, Module 5 (yellow; P=8 x1075, r=0.86), com-
prised 576 unique genes (Fig. 2g). Among the genes with a high degree
of connectivity (thatis, hub genes), the highest-ranking genes regulate
key microgliaimmune pathways, such as SMAD7 (IFN/transforming

growth factor-f3 (TGFp) signaling), HLA-B (antigen presentation) and
CXCL14 (cytokine signaling; Extended Data Fig. 4d,e). This module is
highly enriched ininflammatory genes associated with ASD***?, senes-
cence and aged microglia® (Fig. 2h). Gene Ontology identified path-
ways related to lysosome function, metabolism of lipids and immune
reactivity (Fig. 2i).

The second module, Module 4 (light cyan; P=6 x107*, r=0.80),
comprised 256 unique genes (Fig. 2j). Hub genes for this module dem-
onstrate a clear upregulation of Toll-like receptors (TLRs) and IFN
gene expression signaling (TLRS, TLR4, IRF2 and IFNARI; Extended
Data Fig. 4f,g). This module is highly enriched in gene sets related to
ASD, LPS-challenged microglia and disease-associated microgliain
AD (Fig. 2k)***>**%_ pathway enrichment showed strong enrichment
of genes related to cytokine production, TLR signaling/NF-kB activa-
tion and lipid transport (Fig. 21), further supporting our observation
that loss of MEF2C produces a hyperinflammatory phenotype with
similarities to ASD-related, aging and neurodegenerative (that s,
AD) microglial states (Fig. 2m). Together, these modules that are cor-
related with MEF2C dose indicate potential functional phenotypes to
investigate, including lysosomal function, cytokine production and
lipid metabolism.

Loss of MEF2C alters lysosome-associated function

We nextinvestigated the functional consequences of MEF2C deficiency
to validate predictions from gene expression data. First, we deter-
mined that complete loss of MEF2C alters phagocytosis. MEF2C-KO
iMGs exhibited impaired phagocytosis of zymosan A (Fig. 3a,b) and,
toalesser extent, Staphylococcus aureusbioparticles (Extended Data
Fig.5a). Meanwhile, MHS iMGs did not present phagocytic differences
from controls.

Microglial lysosomal defects canlead to both impaired phagocy-
tosis and inflammatory cytokine production®. We therefore measured
protein expression of CD68, amyeloid lysosomal glycoprotein elevated
in response to inflammatory stimuli”’. At baseline, MEF2C-KO iMGs
exhibited increased CD68 (Fig. 3¢), supporting a basal proinflamma-
tory phenotype. MEF2C-KO iMGs also exhibited increased lysosomal
mass, as measured by LysoTracker (Fig. 3d and Extended Data Fig. 5b),
andincreased staining for the lysosomal markers LAMP1 (Fig. 3e) and
LAMP2 (Extended Data Fig. 5c), indicating alterations in lysosomal
function. MHS iMGs exhibited intermediate changes in lysosomal
measurements, suggesting a dose-dependent dysregulation of baseline
functionin MEF2C-deficient iMGs.

Fig. 2| Loss of MEF2Cresults in transcriptional changes ininflammatory,
developmental and neurodegenerative pathways. a, Heat map of DEGs in
MEF2C control, MHS and KO iMGs (n = 6 control, 7 MHS and 8 KO iMG biological
samples derived fromindependent iPS cell lines from separate differentiation
batches). b, zScores of all downregulated (top) or upregulated (bottom)

genes between control and KO iMGs demonstrating that MHS iMGs express
intermediate levels. Top, control (minimum: 0.311, maximum: 1.155, center:
0.768, 25th percentile: 0.644, 75th percentile: 0.874), MHS (minimum: -0.145,
maximum: 0.862, center: 0.363, 25th percentile: 0.217, 75th percentile: 0.508),
KO (minimum: -1.155, maximum: -1.014, center: -1.130, 25th percentile: -1.146,
75th percentile: -1.091). Bottom, control (minimum: -1.074, maximum: -0.387,
center: -0.736, 25th percentile: -0.825, 75th percentile: -0.647), MHS (minimum:
-0.817, maximum: 0.025, center: -0.403, 25th percentile: -0.505, 75th percentile:
-0.287), KO (minimum: 1.057, maximum: 1.155, center: 1.136, 25th percentile: 1.111,
75th percentile: 1.149). ¢, Volcano plot of DEGs between control and KO iMGs.
Genes significantly upregulated in control microglia are defined by DESeq2 as

an FDR of <0.05 and log, (FC) of <-1and genes significantly upregulated in KO
microgliaas an FDR of <0.05 and log, (FC) of >1.d, IPA for pathway enrichment of
DEGs upregulated in KO compared to control iMGs showing strong changesin
immune signaling, phagosome formation, autophagy and production of
NO/ROS species. e, IPA results for upstream regulators of gene expression
suggesting that neuroimmune-induced changes in KO iMGs may be regulated

by LPS, TNF or IFNy. f, PsychEncode gene module overlap with DEGs between

control and KO iMGs demonstrating strong overlap with the neuropsychiatric
signature of ASD, BD and SCZ. Inflammatory modules identified by Gandal et al.>®
areindicated inred text. g, WGCNA showing a statistical upregulation of
Module 5in KO iMGs. Control (minimum: -0.368, maximum: -0.241, center:
-0.307,25th percentile: -0.354, 75th percentile: -0.280) and KO (minimum:
0.089, maximum: 0.405, center: 0.193, 25th percentile: 0.091, 75th percentile:
0.307). h, Module 5 has strong gene set overlap with ASD signatures, aging
microglia, LPS-activated microglia and AD microglia; ALS, amyotrophic lateral
sclerosis; DAM, damage-associated microglia; MGnD, neurodegenerative
microglia. i, Module 5is enriched in pathways involved in lysosome activity, lipid
metabolism, chemotaxis and other homeostatic immune functions in microglia.
j, WGCNA showing statistical upregulation of Module 4 in KO iMGs. Control
(minimum: -0.361, maximum: -0.155, center: -0.260, 25th percentile: -0.321,
75th percentile: -0.170) and KO (minimum: 0.026, maximum: 0.446, center:
0.155, 25th percentile: -0.004, 75th percentile: 0.402). k, Module 4 has strong
gene set overlap with ASD signatures, aging microglia, LPS-activated microglia
and AD microglia.l, Module 4 is enriched in pathways involved in the adaptive
immune response, cytokine production, autophagy and lipid transport. m, Heat
map of DEGs between control and KO iMGs by pathway of action (FDR < 0.05,

FC <1.5). Statistical analysis in b was performed using a one-way ANOVA with
Pvalues adjusted for multiple comparisons by Tukey’s method. P values for d-f,
h-kandlwere determined using hypergeometric tests.
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Loss of MEF2C produces a hyperinflammatory phenotype
To assess the impact of MEF2C deficiency on the inflammatory state
of microglia, we measured the levels of proinflammatory mediators
released in the absence of aninflammatory stimulus. MEF2C-KO iMGs
had increased inducible nitric oxide synthase (iNOS) and ROS absent
of aninflammatory stimulus (Fig. 3f). Additionally, MEF2C-KO iMGs
released more proinflammatory cytokines (interleukin-1p (IL-1B), IL-6,
TNF and IL-8) than MHS and control lines (Fig. 3g). As before, MHS
microglia present subtly elevated proinflammatory features.
Microglial MEF2C expression has been negatively correlated with
typelIFN signaling after aninflammatory stimulus'. To investigate this
association in our human model, we generated an IFN-related gene
expression score using 26 genes validated to be increased in human
IFN-associated disease’. In the absence of aninflammatory stimulus,

MEF2C-KO iMGs express higher levels of IFN-related genes than con-
trol and MHS iMGs (Fig. 3h,i), suggesting that KO microglia may be
more responsive to IFN stimulation. To assess this primed state, we
challenged ouriMGs with an acute exposure to human IFNf3 and meas-
ured phosphorylated STAT1 (pSTAT1) levels. As expected, MEF2C-KO
microglia showed consistently higher pSTAT1 than control microglia
(Fig. 3jand Extended DataFig. 5d), suggesting a primed response to IFN
stimulation. Together, these results indicate that loss of MEF2C leads
to dysregulation of the inflammatory response in microglia.

Loss of MEF2C recapitulates neurodegeneration-related
phenotypes

MEF2C expression decreases in aged mice'®, and high MEF2C levels
are a predictor of longevity, cognitive potential and resilience to
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neurodegeneration®. Genes dysregulated by MEF2C KO overlapped
with aging microglia and AD gene sets, presenting an opportunity
to assess phenotypes related to aging and neurodegeneration*®™*
(Fig.4a). Toassess a general connection to microglial aging, we quan-
tified B-galactosidase (B-gal), acommon marker of cellular aging*®,
and APOE, which is upregulated in aging and neurodegenerative dis-
ease”. Both B-galand APOE were increased in KO iMGs (Extended Data
Fig. 5e,f). Additionally, TREM2 expression was decreased (Extended
DataFig. 5g) in MEF2C-KO iMGs, providing protein-level validation of
gene expression profiling.

Lipid accumulation is a key pathologic feature of microglial
aging®®, and lipid-related processes were notably enriched in the MEF2C
transcriptomic analysis (Fig. 2i,1,m). We therefore quantified microglial
lipid dropletaccumulation and observed increased BODIPY in KO iMGs
(Fig.4b). Toidentify the lipids specifically affected by loss of MEF2C, we
applied unbiased screening of complex lipids by mass spectrometry,
measuring 468 lipid species from seven main categories. Multivariate
comparison of groups identified that the lipid profile of MEF2C-KO
iMGs was distinct, whereas MHS iMGs were not different from controls
(Extended DataFig. 5h). Differential analysisidentified 48 lipids as ele-
vated in KO iMGs compared to controls, corroborating that MEF2C-KO
microgliaindeed accumulated lipids (Fig. 4c,d). These differentially
abundantlipids primarily belonged to the subclasses of phospholipids,
phosphatidylethanolamines and phosphatidylcholines (Fig. 4e,f).
Phospholipids are the primary components of cell membranes and
are remarkably dysregulated in the human brain with age*’. Notably,
N-dimethylphosphatidylethanolamines (DMPEs) are also dysregulated
inKO iMGs. The DMPE lipids are intermediates in choline production,
indicating that loss of MEF2C may contribute to abnormalities in an
important neurotransmitter and nutrient in the brain.

To assess microglial function in a neurodegenerative disease-
specific context, we measured the phagocytosis and migration capac-
ity of MEF2C-deficient microglia toward disease-relevant stimuli.
Although only KO iMGs exhibited reduced phagocytic capacity toward
bioparticles (Fig. 3a and Extended Data Fig. 5a), both KO and MHS iMGs
phagocytosed fibrillar amyloid-B,_,, (AB;-4,) significantly less than
controls (Fig.4g). Moreover, although only KO iMGs exhibited reduced
baseline migration capacity (Extended Data Fig. 5i), both KO and MHS
iMGs exhibited reduced migration toward disease-specific stimuli,
suchas AB,_,,and Tau-441 (Fig. 4h,i). These resultsindicate that loss of
MEF2Cis associated with dose-dependent functional deficits pertinent
to aging and neurodegenerative disease-associated microglia®**°.

MEF2Cregulates the active enhancer landscape
Environmentally regulated signals act through a combination of
lineage-determining and signal-dependent transcription factors,

bindingto active distal regulatory regions toinitiate cell-type-specific
programs’'. To infer transcription factors that may regulate
MEF2C-associated microglial phenotypes, we defined putative enhanc-
ers, namely regions of open and active chromatin, through assays for
transposase accessible chromatin (ATAC-seq) and chromatinimmuno-
precipitation withsequencing (ChIP-seq) for histone 3 lysine 27 acetyla-
tion (H3K27ac), amark of active promoters and enhancers®. Notably,
regions of open chromatinfromiMGsin all three groups (control, MHS
and KO) correlated more closely to primary ex vivo microglia than to
CD14" primary monocytes, indicating retention of the microglial epige-
netic signature despite loss of MEF2C (Extended Data Fig. 6a). Principal
component analysis of H3K27ac at distal ATAC peaks found that MHS
microglialie between MEF2C-KO and control microglia (Extended Data
Fig. 6b). In pairwise comparisons, we identified over 8,000 differen-
tially active enhancers (FC > 2, adjusted P < 0.05) between control and
KO iMGs (Fig. 5a) and more than 1,800 differential enhancers between
control and MHS iMGs (Extended Data Fig. 6¢). De novo motif analy-
sis of putative microglial enhancers identified loss of MEF2 motifs in
KO iMGs (Fig. 5b), but not in MHS (Extended Data Fig. 6d). Notably,
we observed enrichment for motifs for IFN regulatory factors (IRFs)
and microphthalmia-associated transcription factor (MITF) in active
enhancers specific to KO iMGs as well asincreased expression of these
factorsin KO iMGs (Fig. 5¢,d). Increased IRF activity may play arolein
priming KO iMGs to IFN stimulation, while the MITF/TFE transcription
factor family members play significant roles in lysosome function and
biogenesis. The changesinactive enhancers with loss of MEF2C reveal
alterations in transcription factor activity with links to the cellular
phenotypes described above.

Relevance of microglial MEF2C to autism genetics

Previous studies on enhancer activity in frontal and temporal corti-
cal tissue from individuals with idiopathic autism* have not been
annotated by their distance from transcription start sites (TSSs) nor
by cell-type specificity. Using these published data, we identified
distal enhancers with active histone acetylation (H3K27ac) enriched
in autism compared to control cortical samples® and mapped
these regions to cell-type-specific enhancers, as we have previously
described®. Complete enhancer overlap between the autism*> and
brain cell-type-specific* datasets identified that autism-associated
enhancers mapped to microglia-, neuron- and oligodendrocyte-specific
enhancersrelatively equivalently (Fig. 5e). An overlay betweenthe near-
estgene foractive autism-associated enhancers and active enhancers
ineach of the three MEF2C microglial genotypes identified the greatest
overlap with MEF2C-KO microglia (Fig. 5f). In line with our transcrip-
tomic analyses, these results further demonstrate how our model of
MEF2C loss captures critical aspects of ASD genetics.

Fig. 3| Functional analysis of MEF2C iMGs reveals deficits with loss of MEF2C.
a, Representative images of phagocytosed zymosan A bioparticlesin MEF2C
control, MHS and KO iMGs. b, Quantification of zymosan A phagocytosis
demonstrates phagocytosis deficits in KO compared to control and MHS iMGs
(n=2control,2MHS and 2KO iMG biological samples derived from independent
iPS celllines). ¢, Representative confocal images and quantification of lysosomal
marker CD68 (n =2 control, 3 MHS and 3 KO iMG biological samples derived from
independentiPS cell lines). d, Quantification of Lysotracker suggests increased
lysosomal mass in KO compared to control and MHS iMGs (n = 5 control, 6

MHS and 6 KO iMG biological samples derived from independent iPS cell lines
from separate differentiation batches). e, Representative confocal images and
quantification of the lysosomal marker LAMP1 (n = 3 control, 4 MHS and 4 KO
iMG biological samples derived from independent iPS cell lines from separate
differentiation batches). f, Representative confocal images and quantification

of iNOS (left, top bar plot) and ROS (right, bottom bar plot; n =3 control, 3 MHS
and 3 KO iMG biological samples derived from independent iPS cell lines).

g, Quantification of cytokines reveals increased cytokine release at baseline in
KO compared to control and MHS iMGs (IL-1B, IL-6 and TNF: n =3 control, 3 MHS

and 3KO; IL-8: n =3 control, 2 MHS and 3 KO iMG biological samples derived from
independentiPS celllines). h, Standardized scores generated from IFN-related
gene expression at homeostasis (n = 6 control, 6 MHS and 5 KO iMG biological
samples derived from independent iPS cell lines from separate differentiation
batches).i, Heat map of gene expression zscores for the 26 genes used to
generate the scores from h across all replicatesin each group. j, Western blot of
phosphorylated STAT1 (pSTAT1) levels in MEF2C control and KO iMGs after 30 min
of exposure to 20 ng ml™ recombinant human IFNf. pSTAT1band intensity was
normalized to GAPDH and depicted as relative to the average measurement of
MEF2C control lines with IFN( stimulation on the same blot (n =9 controland 8
KO iMG biological samples derived from independent iPS cell lines from separate
differentiation batches measured in three separate blots); scale bars, 10 pm
(a,eandf) and100 pm (c). Datainc-handjare presented as mean + s.e.m. Each
data point represents the mean measurement for all technical replicates from
oneindependentline in adifferentiation batch. Statistical analyses in c-h were
performed by one-way ANOVA, with Pvalues adjusted for multiple comparisons
using Tukey’s method. Pvalues injwere determined by two-way ANOVA witha
Fisher’s least significant difference test.
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MEF2C is a transcriptional activator in human microglia

Although MEF2C binding sites have beenidentified previously in corti-
cal neurons’*, no dataset exists in microglia. Therefore, to characterize
the regulatory function of MEF2C in human microglia, we performed
ChIP-seq for MEF2C. We identified 4,708 MEF2C binding sitesin con-
trol microglia but only 62 sites in MEF2C-KO microglia, confirming
the specificity of the immunoprecipitation. The majority of MEF2C
binding sites (n=4,360) localized to distal regions, namely introns

and intergenic regions, whereas a small portion (n =348) resided in
regions proximal to the TSS (Extended DataFig. 7a). The top enriched
motifsin MEF2C binding peaks against GC-matched background were
PU.1and MEF2C motifs (Extended Data Fig. 7b). Motifs for microglia
lineage-determining factors, such as AP-1family members (FOS and
Jun), RUNX and CEBP, were also identified, suggesting cooperative regu-
lationwith these factors. We thenintersected MEF2C-bound peaks with
putative enhancer regions that gained or lost H3K27ac in MEF2C-KO
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Fig. 4 |Loss of MEF2C recapitulates aneurodegenerative phenotype.

a, Overlap of DEGs between control and MEF2C-KO iMGs with aged and
neurodegenerative microglial datasets; BAM, border-associated macrophages;
PAM, proliferative region-associated microglia. b, Representative images

and quantification of BODIPY in control, MHS and MEF2C-KO iMGs suggest
increased lipid accumulation in MEF2C-KO microglia (n = 9 control, 10 MHS
and 10 KO iMG biological samples derived from independent iPS cell lines from
separate differentiation batches). ¢, Volcano plot of differential analysis of
lipids demonstrates that KO iMGs contain more lipids than control iMGs (n=9
control and 9 KO iMG biological samples derived from independent iPS cell
lines from separate differentiation batches). Lipids significantly upregulated in
control microglia are defined by an FDR of <0.05 and log, (FC) of <-1, and lipids
significantly upregulated in KO microglia are defined by an FDR of <0.05 and
log, (FC) of >1.d, Normalized measurements of select phosphatidylcholines
(PC), phosphatidylethanolamines (PE), ceramides (Cer) and cardiolipins
across control, MHS and KO iMGs (n =9 control, 9 MHS and 9 KO iMG biological
samples derived from independent iPS cell lines from separate differentiation
batches). e, Distribution of subclasses of significantly increased lipids in KO

compared to control iMGs. f, Chemical enrichment analysis of increased lipids in
KO compared to control iMGs. g, Disease-specific phagocytosis of AB,_,, shows
genotype-dependent reductions in phagocytic ability in MHS and KO iMGs (n =2
control,2 MHS and 2 KO iMG biological samples derived from independent iPS
celllines). GCU, green calibrated unit. h, Schematic of a transwell migration
assay with disease-specific stimuli. i, Quantification of transwell migration
assays demonstrating genotype-dependent impaired migration toward the
disease-specific stimuli, Tau-441and AB,_4, (n =4 control, 5MHS and 5KO iMG
biological samples derived from independent iPS cell lines from separate
differentiation batches); scale bar,10 pm (b). Datainb, d and i are presented

as mean values + s.e.m. Each data point represents the mean measurement for
all technical replicates from one independent line in a differentiation batch.
Statistical analyses in b and i were performed by one-way ANOVA with Pvalues
adjusted for multiple comparisons by Tukey’s method. Pvalues from g were
determined from the final time point measurements using a one-way ANOVA with
adjustment for multiple comparisons by Tukey’s method. The graphicinhwas
created with BioRender.com.
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Fig. 5| Loss of MEF2C remodels the active enhancer landscape. a, Scatter
plot of H3K27ac ChIP-seq signal around distal (>1,000 base pairs (bp) from
TSS) ATAC-seq peaks in MEF2C control and KO iMGs (ATAC-seq: n = 3 control
and 2KO; H3K27ac ChIP-seq: n = 4 control and 4 KO iMG biological samples
derived fromindependent iPS cell lines from separate differentiation batches).
Differentially acetylated regions enriched in control iMGs are defined by
DESeq2 as an FDR of <0.05 and log, (FC) of <-1and enriched in KO iMGs as

an FDR of <0.05 and log, (FC) of >1. b, De novo motif analysis of differentially
acetylated regions enriched in control (top) and KO iMGs (bottom).
GC-matched sequences were used as background (BG). ¢, Bar chart showing
gene expression of transcription factors whose DNA-binding motifs were
identified inb. FDR determined by DESeq2. d, Bubble plot derived from de novo

motif analysis of differentially acetylated regions, delineating transcription
factor DNA-binding motif enrichment for all MEF2C genotypes (ATAC-seq:
n=3control,2 MHS and 2 KO; H3K27ac ChIP-seq: n = 4 control, 4 MHS and 4 KO
iMG biological samples derived from independent iPS cell lines from separate
differentiation batches). e, Differentially acetylated peaks from Ramaswami et
al.”’ between control and idiopathic autism frontal and cortical brain samples,
which were annotated for overlap with cell-type-specific promoter (left) and
enhancer (right) peaks from Nott et al.”>. f, Overlaps between genes nearest

to differentially acetylated peaks in idiopathic autism compared to control
brain tissue (Ramaswami et al.>®) and genes nearest to H3K27ac-marked distal
ATAC peaks in control (left), MHS (middle) and KO iMGs (right). Pvalues were
determined using hypergeometric tests.

(Fig. 6a) and MHS (Fig. 6b) microglia. As expected, alarger change was
observed when comparing control and KO iMGs rather than controland
MHS microglia. Fromthe formerintersection, we identified four puta-
tive categories of MEF2C regulatory regions: direct activation (presence
of MEF2C and loss of H3K27acin KO iMGs, n = 2,313), direct repression
(presence of MEF2C and gain of H3K27acin KO iMGs, n = 816), indirect
activation (lack of MEF2C and loss of H3K27acin KO iMGs, n = 858) and
indirect repression (lack of MEF2C and gain of H3K27ac in KO iMGs,
n=1,541;Fig. 6¢). With 2,313 direct activation sitesand 816 direct repres-
sion peaks, MEF2C appears to primarily function as a transcriptional
activator in microglia. This pattern also holds true for the subset of
MEF2C binding sites found proximal to the TSS (Extended Data Fig. 7c).
Mild cross-reactivity of our antibody used for immunoprecipitation
with other MEF2 family members, such as MEF2A, may account for the
minimal signal in KO samples for MEF2C binding. MEF2C and MEF2A
are structurally the most similar members in the MEF2 family>, and
MEF2A expression in KO iMGs is modestly reduced (Fig. 5c).

To explore the relationship between MEF2C regulation and gene
expression, we overlapped nearby genes for each putative regulatory
category with DEGs between control and MEF2C-KO microglia (Fig. 6¢).
Although the expression of many nearby genes changed consistently
with gain or loss of H3K27ac, most genes related to MEF2C regulatory
regions were not statistically different in control and KO microglia.
KCNQ3, ahigh-confidence ASD-associated gene, isanexample of agene
directly activated by MEF2C whose expression was lost in MEF2C-KO
microglia (Fig. 6d).

To identify potential transcription factor interactions at
MEF2C-related regulatory regions, we performed motif analysis using
total peaks as background to enrich for unique motifs. The most sig-
nificantly enriched motifindirect activation peaks is the MEF2C motif
(Fig. 6e and Extended Data Fig. 7d), suggesting that MEF2C binds chro-
matindirectlyinitsroleasatranscriptional activator. At direct repres-
sion sites, ETS-RUNX and RUNX motifs were enriched; MEF2C may bind
at repressive sites via interactions with RUNX and ETS transcription
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family members (Fig. 6e and Extended Data Fig. 7d). Enrichment of
the ETS-RUNX motif at sites of indirect repression also indicates that
these transcription factors operate in a MEF2C-dependent manner
without direct interaction with MEF2C itself. Notably, the IRF motif
was identified at sites of direct repression, hinting that loss of MEF2C
could prime microglia for IFN response via loss of repression on IRF
activity (Fig. 6e and Extended Data Fig. 7d).

To associate transcriptional regulation with functional conse-
quences, we profiledthe set of genes nearest toeachMEF2C-associated
peak. Gene set enrichment analysis of genes activated by MEF2C
identified reactive processes such as cell motility and response to
cytokines and endocytosis and maturation processes like neuronal
development and the microglial growth factor response (Fig. 6f).
Further, the genes activated by MEF2C were enriched in microglia
datasets from neurodevelopment, aging and neurodegeneration®*>’
(Fig. 6f), including lipoprotein lipase (LPL) a key regulator of lipid
droplet accumulation®® (Extended Data Fig. 8a). Meanwhile, genes
repressed by MEF2C were related to phagocytosis-associated pro-
cesses, including actin filament polymerization, Rho GTPase activ-
ity and membrane trafficking, as well as lipid metabolism (Fig. 6g).
Repressed genes were also primarily enriched in microglia data-
sets from neurodevelopmental disorders**®° (Fig. 6g). Importantly,
identifying MEF2C-regulated genes provides mechanistic insight
for the phenotypes observed in MEF2C-KO microglia. For example,
key MEF2C-repressed genes, including MAPK13, which encodes a
protein implicated in tau phagocytosis®, and CXCL12, which medi-
ates microglial migration and process motility®’, may contribute
to the phagocytic deficit of MEF2C-KO microglia (Extended Data
Fig. 8b,c). Additionally, the lipid profile of KO iMGs can be linked to
genes predicted to be regulated by MEF2C-associated repression,
such as the key enzymes in phospholipid synthesis CDS1, CHKA and
PCYTIA. Overall, the functional phenotype in MEF2C-KO microglia
may be related to a combination of changes in the activity of other
transcription factors and direct MEF2C targets.

Finally, to connect MEF2C epigenetic regulation to human-specific
genetic risk variants involved in neurological phenotypes, we per-
formed linkage disequilibrium score regression analysis on regions
ofinterest. Using genome-wide association study summary statistics,
we assessed whether genetic heritability for aphenotype is enrichedin
single-nucleotide polymorphisms within these regions while account-
ing for linkage disequilibrium. We found enrichment of genetic variants
in autism and neuropsychiatric disorders in regulatory enhancers
upregulated with loss of MEF2C, specifically associated with MEF2C
activation and not repression (Fig. 6h and Extended Data Fig. 9).
Together, MEF2C acts as both a transcription activator and repres-
sor, and the genesregulated in either directionareinvolved in critical
microglial functions and implicated in neuropsychiatric conditions.

Loss of MEF2C in vivo recapitulates the in vitro phenotype
Microglia are environmentally regulated and quickly lose their tran-
scriptomic and epigenetic signature after removal from the central
nervous system (CNS)*. In vitro models recapitulate some, but not all,
of these environment-dependent phenotypes*.. Therefore, to model
how loss of MEF2C alters in vivo microglia, we leveraged a chimeric
mouse xenotransplantation model***>, Control, MHS and MEF2C-KO
induced hematopoietic progenitor (iHP) cells were transplanted into
an immunodeficient mouse strain that was also humanized for the
microglial survival factor CSF-1 (CSFI""Rag2"I12rg™"). At 2 months
after transplantation, xenotransplanted microglia (herein, xMGs) from
all genotypes expressed some degree of TMEM119, P2YR12 and IBA1
(Extended DataFig.10a-c), confirming microglial ontogeny. We then
performed morphology analysis as previously described®* (Fig. 7a).
Compared to both control and MHS xMGs, KO xMGs displayed an
overt ameboid morphology, with fewer ramification branch points,
shorter average branch lengths and fewer branch junctions per cell
(Fig. 7b,c). Notably, MHS xMGs demonstrated an intermediate mor-
phology between ramified and ameboid, indicating that morpho-
logical changes occurred in a genotype-dependent manner in vivo.
Furthermore, MEF2C-deficient xMGs also recapitulate elevated CD68
lysosomal volume (Fig.7d-f) as well as marked lipid accumulation
(Fig. 7d,g,h). PLIN2, a lipid droplet-associated protein, was distinctly
presentin KO, but not control or MHS, XMGs. As an orthogonal valida-
tion of lipid accumulation, we performed focused ion beam scanning
electron microscopy and identified round structures withhomogenous
signalindicative of lipid dropletsin KO, but not control, xMGs (Fig. 7i).
Together, these quantifications recapitulate the in vitro phenotype
and support the findings that gradated loss of MEF2C results in dys-
functional microgliain vivo.

Discussion

Microglial dysregulation contributes to the pathogenesis of numerous
neurological disorders, but phenotypes of microgliain the diseased
CNS are heterogeneous and complex. Understanding the network of
transcription factors that regulate microglialidentity, state and func-
tionmay provide especially potent therapeutic targets due to the large
downstream effects of their transcriptional control. MEF2Cencodes a
transcription factor that regulates microglial identity**2® and is impli-
cated in both diseases of aging and neurodevelopment. The role of
MEF2Cinneural development has been studied in mouse models'>'*?5,
butitsroleinhumanbraindevelopment and asaregulator of microglial
functionisnotyet well defined. Using aniPS cell-based model, we begin
todelineate therole of MEF2Cin regulating human microglia function.
Human-derived iMGs were generated using a differentiation protocol
that recapitulates key aspects of microglia ontogeny and resulted in
adifferentiated state that is more closely related to in vivo microglia

Fig. 6| MEF2C acts primarily as an activator in microglia, but repression is
more MEF2C dose dependent. a, Scatter plot of distal H3K27ac-marked ATAC
peaks overlapping with MEF2C binding sites for control and KO iMGs (ATAC-seq:
n=3controland 2KO; H3K27ac ChIP-seq: n =4 control and 4 KO; MEF2C ChIP-
seq: n =2 control and 2 KO iMG biological samples derived from independent

iPS cell lines from separate differentiation batches). Differentially acetylated
regions enriched in control iMGs are defined by DESeq2 as an FDR of <0.05 and
log, (FC) of <-1and enriched in KO iMGs as an FDR of <0.05 and log, (FC) of >1.

b, Scatter plot of distal H3K27ac-marked ATAC peaks overlapping with MEF2C
binding sites for controland MHS iMGs (ATAC-seq: n = 3 control and 2 MHS;
H3K27ac ChIP-seq: n = 4 control and 4 MHS; MEF2C ChIP-seq: n =2 control and
2 MHS iMG biological samples derived from independent iPS cell lines from
separate differentiation batches). Differentially acetylated regions enriched in
control iMGs are defined by DESeq2 as an FDR of <0.05 and log, (FC) of <-1and
enriched in MHS iMGs as an FDR of <0.05 and log, (FC) of >1. ¢, Histograms of
normalized H3K27ac and MEF2C ChIP-seq tag counts from control, MHS and KO
iMGs at distal MEF2C-associated regulatory regions: direct activation (presence
of MEF2C and loss of H3K27ac in KO iMGs), direct repression (presence of MEF2C

and gain of H3K27ac in KO iMGs), indirect activation (lack of MEF2C and loss of
H3K27acin KO iMGs) and indirect repression (lack of MEF2C and gain of H3K27ac
inKO iMGs).d, Genome browser tracks of RNA-seq, ATAC-seq, H3K27ac and
MEF2C ChIP-seq from control, MHS and KO iMGs with RNA-seq, H3K27ac and
PLAC-seq”?* from primary microglia ex vivo at KCNQ3, a high-confidence ASD
gene. e, De novo motif enrichment analysis of MEF2C-associated regulatory
regions using total peaks as background. f, Gene Ontology (left) and overlap with
published gene set enrichment” (right) for MEF2C-associated peaks annotated
for transcriptional activation activity. g, Gene Ontology (left) and overlap with
published gene set enrichment’ (right) for MEF2C-associated peaks annotated
for transcriptional repression activity. h, Heat map of linkage disequilibrium
score regression analysis for enrichment of genetic variants associated with the
listed conditions " displayed as -log,, (normalized Pvalue) for significance of
enrichment in differentially H3K27ac-marked distal enhancers (left) and MEF2C
activation and repression-associated enhancers (right); ADHD, attention-deficit/
hyperactivity disorder; PGC, Psychiatric Genomics Consortium. Pvalues forf, g
and h were determined using hypergeometric tests.
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than other tissue-resident macrophage populations, making them a
valuable resource for understanding microglial biology. Our investi-
gationindicates that the MEF2C transcriptional programis necessary
for maintaining microglial homeostasis, and loss of this epigenetic
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program leads to dysfunctional and hyperinflammatory microglial

phenotypes in the absence of disease or perturbation.
Microgliaexistinavariety of cellular states as they respond to their

environment during homeostasis and disease, and, over recent years,
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Fig. 7| Engraftment of iPS cell-derived MEF2C microglial progenitors into
chimeric mouse brain recapitulates a dysfunctional phenotypein vivo.

a, Schematic of the experimental procedure for engraftment of iHP cells from
MEF2C control, MHS and KO iPS cell lines to humanized, immunosuppressed
CSFI""Rag2 ™" I12rg”~ mice.b, Representative confocal images of xMGs in chimeric
mouse brains demonstrate similar morphological changes in xMGs as observed
intheiPS cell-derived in vitro model; KU80, human nuclei marker; IBA1, microglia
marker. DAPI, pan-nuclei marker. ¢, Quantification of branch number, junction
number, process length and soma size demonstrates a genotype-dependent
increase in ameboid morphology in MEF2C MHS and KO xXMGs (n = 3 mice per
genotype). d, Representative confocal images of cortical xMGs demonstrating
increased lysosomal (CD68) mass and lipid droplet (PLIN2) accumulation

in KO xMGs. e, Quantification of CD68 integrated intensity per IBA* cell
(n=3mice per genotype).f, Quantification of CD68 puncta volume

(n=3 mice per genotype). g, Quantification of PLIN2 integrated intensity per
IBA* cell (n =3 mice per genotype). h, Quantification of PLIN2 puncta volume
(n=3 mice per genotype). i, Representative focused ion beam scanning electron
microscopy image (resolution of 5 nm) of chimeric mouse brains showing a
control xMG with an absence of lipid bodies (left) and two KO xMGs with lipid
droplets (LD; right). The human microglia are close to a blood vessel (BV). The red
outline indicates the microglial nucleus, the blue outline indicates the microglial
cytoplasm, and the orange outline indicates lipid droplets (n=1mouse per
genotype); scale bars,10 pm (b) and 20 pm (d). Datain cand e-h are presented
asmean values + s.e.m. Each data point represents the average measurement per
mouse. Statistical analyses in cand e-h were performed using one-way ANOVA,
with Pvalues adjusted for multiple comparisons by Tukey’s method. The graphic
inawas created with BioRender.com.

many microglia gene signatures have been characterized®. Although
the gene signature of MEF2C-KO microglia does not exactly recapitulate
a previously described state (that is, damage-associated microglia,
proliferative region-associated microglia, lipid droplet-accumulating
microglia and so on), there is overlap with multiple datasets, includ-
ing the transcriptional and epigenetic signatures of ASD, BD and
SCZ*°%, Furthermore, MEF2C-deficient microglia exhibit many of the
functional phenotypes previously described in disease-associated and
aging microglia, including unprovoked release of diverse inflammatory
mediators, lipid accumulation and impaired phagocytic function.
Microglia reactivity has yet to be explicitly identified in individuals
with MHS, likely due to the challenges of studying this rare disease, but
microglia reactivity has been reported in many neurodevelopmental
disorderssuchas ASD. Inflammationin the developing brain can cause
dysregulation of neurogenesis and improper development of neural
connectivity®®, representing potential future pathways for investiga-
tion of the microglial contribution to these disease states.

In our in vitro model, changes in both gene expression and
functional outcomes were pronounced with full KO of MEF2C and
more subtle in MHS microglia. Although our MEF2C KO appears to
capture gene signatures seen in ASD, how the loss of one copy of
MEF2C in microglia contributes to a similar phenotype is less clear.
We have reported that microglial gene expression, including that
of MEF2C, is environmentally regulated®. Therefore, we recognize
that our in vitro model may only partially recapitulate the microglial
phenotype and thus has limited capacity to capture the complex
cellular changes observed in individuals with MHS. Future investi-
gation of human MEF2C-deficient microglia with intact cellular
interactions of the CNS in organoid coculture and xenotransplanta-
tion models may help further elucidate MEF2C-regulated microglial
phenotypes that are relevant to human neurocognitive diseases,
including MHS.

Loss of MEF2Cinthe CNSresultsin synaptic, cognitive and social
deficits in mouse models™?*?*%%° and the downstream targets of
MEF2inneural developmentindicate roles for MEF2in synapse devel-
opment’. This suggests that the neurodevelopmental phenotype
seeninindividuals with MHS is likely mediated by both microglia and
neurons>'®?%2%%5_Qur transcriptional and epigenetic data identify a
network of ASD genes and regulatory elements that are regulated by
MEF2C in microglia. Although MHS microglia likely exert influence
during fetal brain development, microglia-mediated inflammation
may persist and continue to exert effects throughout life. Therefore,
microglial MEF2C may serve as a viable therapeutic target to alleviate
the effects of persistent neuroinflammation after neurodevelopmental
diseases have been diagnosed. Overall, the present study identifies a
network of neurodevelopmental and aging-associated genes regulated
by MEF2C specifically in microglia. Among the questions remaining
to be resolved are the behavioral consequences and the intersection
between genetics and environmental stimuli in both development
and aging.
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