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Abstract

Large scale consortia mapping the genomic risk architectures of schizophrenia provide vast 

amounts of molecular information, with largely unexplored therapeutic potential. We harnessed 

publically available information from the Psychiatric Genomics Consortium, and report 

MYOCYTE ENHANCER FACTOR 2C (MEF2C) motif enrichment in sequences surrounding the 

top scoring single nucleotide polymorphisms within risk loci contributing by individual small 

effect to disease heritability. Chromatin profiling at base pair resolution (ChIP-seq) in neuronal 

nucleosomes extracted from prefrontal cortex of 34 subjects, including 17 cases diagnosed with 

schizophrenia, revealed MEF2C motif enrichment within cis-regulatory sequences, including 

neuron-specific promoters and superenhancers, affected by histone H3K4 hypermethylation in 

disease cases. Vector-induced short- and long-term Mef2c upregulation in mouse prefrontal 

projection neurons consistently resulted in enhanced cognitive performance in working memory 

and object recognition paradigms at baseline and after psychotogenic drug challenge, in 

conjunction with remodeling of local connectivity. Neuronal genome tagging in vivo by Mef2c-
Dam adenine methyltransferase fusion protein confirmed the link between cognitive enhancement 

and MEF2C occupancy at promoters harboring canonical and variant MEF2C motifs. The 
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multilayered integrative approaches presented here provide a roadmap to uncover the therapeutic 

potential of transcriptional regulators for schizophrenia and related disorders.
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INTRODUCTION

Dysregulation of neuronal gene expression in prefrontal cortex (PFC) and other brain 

regions is a critical building block in the neurobiology of schizophrenia1–6, an adult-onset 

psychiatric disorder associated with defective cognition and a wide range of additional 

disabling symptoms often resistant to treatment with conventional antipsychotic drugs 

targeting monoamine signaling pathways7. Presently, there is extremely little knowledge on 

the therapeutic potential of specific transcriptional regulators associated with the disease. 

Here, we present a novel multidimensional 4-step approach to identify neuronal transcription 

factors (TF) that could positively affect cognitive performance, a key variable for prognosis 

and long-term outcome in schizophrenia8. To this end, we (1) harness publically accessible 

databases to identify TFs with motif enrichment within the genetic risk architecture of 

schizophrenia9 and (2) study expression changes in context of normal development and 

disease, taking into account the developmental origins of the disorder 10. (3) Next, we 

explore sequence motifs associated with epigenetic dysregulation in chromatin surrounding 

transcription start sites (TSS) in neuronal nuclei extracted from PFC of normal and disease 

cases. (4) Finally, we study in preclinical model systems, including mice and human induced 

pluripotent stem cell (hIPSC)-derived neuronal cultures, the behavioral and molecular and 

cellular mechanisms associated with the specific TF. Here, we introduce MEF2C, a member 

of the MEF (myocyte-specific enhancer factor) subfamily of MADS transcription factors, as 

a promising therapeutic tool to induce cognitive enhancement when overexpressed in 

neurons residing in adult PFC, a key structure in the neural circuitry associated with 

cognitive deficits in schizophrenia11. The strategies and approaches outlined here could 

easily be scaled up for the initial discovery of disease-relevant chromatin regulators with 

subsequent validation in preclinical models. Such types of approaches will be expected to 

provide the field with a pipeline of molecular candidates aimed at improving cognition and 

some of the other core features on schizophrenia.

MATERIALS AND METHODS

Detailed descriptions and procedures for human postmortem brain tissue, chromatin 

techniques including ChIP-seq and ChIP-PCR, RNA quantification, MEF2C knock-down, 

differentiation of pluripotent stem cells, gene ontology analyses, gel shift assays, analyses of 

publically accessible databases, bioinformatical analyses, animal work, vector construction, 

and MEF2C-Dam GmATC adenine methylation assays are provided in the supplemental 

methods section.
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RESULTS

TF signatures in the molecular architecture of schizophrenia

To identify TF relevant for the neurogenomics of schizophrenia, we began by analyzing two 

publically available datasets. These were the Psychiatric Genomics Consortium 2 (PGC2) 

database for 108 risk regions harboring alleles that, by individually small effect, contribute 

to heritability risk 9 and prefrontal RNA-seq from 256 cases diagnosed with schizophrenia 

and 281 controls, presented by the CommonMind Consortium (www.synapse.org/cmc). We 

determined 30 motifs using the RSAT de novo motif suite (see Methods) that were enriched 

within 2kb surrounding the top scoring single nucleotide polymorphism (SNP) for each of 

the 108 risk regions from the PGC2 dataset of 36,989 schizophrenia cases and 113,075 

controls (Figure 1A and Supplemental Table 1). From the 30 motifs, nine were assigned to a 

specific TF, or TF group (JASPAR12).We hypothesized that these TF motifs within the 

PGC2 dataset could indicate a potential role of the TF in the neurobiology, and therefore 

treatment, of schizophrenia.

To explore this hypothesis, we first asked if the (altogether 20) TF associated with the nine 

motifs are differentially expressed in PFC of subjects with schizophrenia, using the 

CommonMind Consortium PFC RNA-seq dataset (freeze1.v9=256 schizophrenia cases, 281 

controls.www.synapse.com/cmc). Expression differences between cases and controls were 

minimal, however. For example, MEF2C, one of two TFs surviving statistical filtering in the 

CMC dataset (Benjamini-Hochberg False Discovery Rate comparing expression differences 

for 20 TF, FDR, p=0.011; Bonferroni p=0.001*20=0.02) showed only a 2.3% change 

between CMC cases and controls (Figure 1B and Supplemental Table 2). We conclude that 

adult PFC from subjects with schizophrenia does not show consistent or robust alterations in 

expression of TF with motif enrichment in the PGC2 dataset. However, neurodevelopmental 

factors play an important role in schizophrenia13, and alterations in MEF2C and other TF 

expression may have impacted diseased brains at earlier periods of pre- and postnatal life. 

Interestingly, in BrainCloud, a publically accessible transcriptome database for 272 

postmortem brains collected across the lifespan from prenatal to old age10, prefrontal 

MEF2C expression showed considerable variability in immature prefrontal cortex, followed 

by modest decline in expression during the course of normal aging (Figure 1C). We 

conclude MEF2C, as a TF with motif enrichment within PGC2, is dynamically regulated 

across the extended period of PFC development.

Epigenomic dysregulation in PFC neurons from subjects with schizophrenia

Various epigenetic modifications, including nucleosomal histone methylation, show strong 

correlations with transcription factor (TF) binding14. In particular, trimethyl-histone H3-

lysine 4 (H3K4me3), a mark broadly correlated with gene expression and open chromatin15, 

shows strong associations with TF binding at cis-regulatory sequences including promoters 

and some enhancers16. Interestingly, an earlier study has provided evidence for 

dysregulation of H3K4me3 in immature neurons in the olfactory epithelium of subjects with 

schizophrenia17. However, genome-scale H3K4me3 profiling from brain tissue, including 

cortical neurons, of subjects with schizophrenia is lacking. We hypothesized that sequences 

with altered histone methylation in neuronal chromatin from PFC of subjects with 
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schizophrenia could be enriched for some of the same TF motifs that are enriched within the 

108 risk regions initially described by genome wide association (GWA) in PGC2 (Figure 

1A). To explore this, we mapped H3K4me3 in neuronal nucleosomes from 34 PFC 

specimens, including 17 (14M/3F) subjects diagnosed with schizophrenia and 17 (14M/3F) 

control subjects of comparatively young age (mean ~ 40 years, Supplemental Tables 3, 4). 

Neuronal and non-neuronal nuclei were separated by fluorescence activated sorting of NeuN 

immuno-tagged nuclei, thus providing information specific to the neuronal genome and 

bypassing the potential confound of neuron-to-glia variation18–22. Mononucleosomal 

preparations from the neuronal chromatin fraction were used for H3K4me3 ChIP-seq 

(Figure 1D). Genome-scale H3K4me3 landscapes, including ~27-fold enrichment for 

promoter sequences <2kb from TSS, were indistinguishable between cases and controls 

(Figure 1E). Using specific filter criteria (>1.5-fold difference/FDR corrected cumulative 

Poisson P<0.0001 using HOMER (Hypergeometric Optimization of Motif Enrichment suite 
for next-generation sequencing analysis)23), we identified 1311 differentially methylated 

regions (DMRs) with increased (schizophrenia up, SCZ-up), and 112 DMRs with decreased 

H3K4me3 (SCZ-down) in our disease cohort. Disease-associated DMRs showed modest 

enrichments for intronic and intergenic sequences (Figure 1E and Supplementary Tables 5–

8)23. Next, we asked if these disease-associated changes were enriched for specific gene 

categories. To this end, we filtered for GO categories with at least 10 dysregulated loci and 
surviving a hypergeometric test with Bonferroni corrected P<0.001 using WebGestalt24). 

Indeed, H3K4me3 hypermethylated sequences carried a strong neuronal footprint with 6/12 

Gene Ontology (GO) categories related to synapses and neurons, and another 8/18 ‘Drug’ 

and ‘Phenotype’ categories matched to diseased cognition and abnormal behaviors (Figure 

1F and Supplemental Table 9a,b). In contrast, DMRs with decreased H3K4me3 in disease 

cases did not show any GO enrichment. We conclude that genes involved in synaptic 

signaling and neurotransmission are particularly affected by epigenetic dysregulation, 

including histone H3K4 hypermethylation, in neuronal chromatin from PFC with subjects 

with schizophrenia. This finding resonates with recent DNA methylation profilings in brain 

tissue homogenate, reporting dysregulated CpG cytosine methylation at neuronal genes in 

schizophrenia25, 26.

Within the pool of disease-associated H3K4 hypermethylated sequences, we noticed that 

superenhancers—defined by broad stretches of open chromatin-associated histone 

acetylation and clustered TF occupancies as key regulators for cell-type specific gene 

expression and function27—showed by hypergeometric test a significant 4-fold 

overrepresentation (Figure 1G, Supplemental Tables 10, 11). Furthermore, JASPAR-based 

motif analysis for the 14 superenhancers with excessive levels of H3K4me3 in diseased PFC 

neurons showed significant enrichment for eight motifs (Supplemental Table 12), when 

using the total set of N=342 brain-specific super-enhancers27 as background (P<0.05, right-

tailed binomial significance test, corrected by the total number of motifs predicted = evalue, 

reported as weight significance −log10(evalue)>7.5 (Supplemental Tables 13, 14)28. Of note, 

at least one of the motifs enriched among the H3K4 hypermethylated superenhancer 

sequences is predicted to bind MEF2C (Supplemental Table 10). Next, we explored motif 

enrichment for the total collection of 1311 up and 121 down H3K4me3 DMRs, using the 

total set of 137, 373 unique (=present in at least one subject) H3K4me3 peaks in the control 
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and schizophrenia samples as background. We again applied RSAT de novo motif search. 

We identified eight (thirteen) motifs showing significant enrichment in the 1311 SCZ-up 

(121 SCZ-down)(P<0.05, right-tailed binomial significance test corrected by the total 

number of motifs predicted =evalue and reported as weight significance (−log10(evalue)) > 

7.5) (Supplemental Tables 13,14)). Strikingly, 8/8 or 100% of the SCZ-up but none of the 13 

SCZ-down motifs clustered together with the canonical MEF2C motif in a neighbor joining 

tree (Clustal Omega, 29, 30). All SCZ-up motifs were variants of the generic MEF2C motif 

CT(A/T)4TAG/A (Figure 1H). Given such prominent MEF2C motif footprint in neuronal 

chromatin from diseased PFC, we first confirmed by immunoblotting that MEF2C is indeed 

expressed in cell nuclei extracts from mature human PFC (Figure 1I). Next, gel shift assays 

confirmed strong nucleoprotein binding of multiple MEF2C motifs, including the canonical 

form and a variant MEF2C binding motifs. These include the MEF2C promoter itself, and a 

variant motif, ‘motif 2’, found in the hypermethylated sequences in diseased neurons (Figure 

1I). To directly test for MEF2C binding at these sequences, we immunoprecipitated 

chromatin extracts from human PFC with anti-MEF2C antibody (ChIP-MEF2C). Indeed, 

3/3 gene promoters harboring the MEF2C motif2 (OLFM4, DNTA and CPEB) showed 

robust chip-to-input ratios compared to control (ChIP with non-specific IgG) (Figure 1J). 

Furthermore, because MEF2C protein levels are unaltered in prefrontal cortex of mice 

exposed to chronic 21 day treatment with the antipsychotic, clozapine (Supplemental Figure 

1), the observed MEF2C motif enrichment in H3K4 hypermethylated sequences in our 

disease cases less unlikely to reflect secondary effects after antipsychotic drug exposure.

Importantly, H3K4me3 landscapes in human PFC neurons show highly dynamic changes 

during the extended period of developmental from prenatal to young adult age31, and remain 

broadly sensitive to functional perturbations and cortical and subcortical dysfunction 

encountered in neuropsychiatric disease32–37. Given such wide windows of epigenomic 

vulnerability, the time-of-onset for the observed H3K4me3 methylation changes at 

regulatory sequences carrying MEF2C binding motifs in our adult postmortem disease 

cohort could vary case-by-case and in target sequence-specific manner. Therefore, to further 

test whether the observed H3K4me3 hypermethylation of MEF2C target sequences in 

neuronal chromatin from disease cases reflects compensatory mechanisms in response to 

decreased MEF2C access or supply, we induced small RNA-mediated MEF2C knock-down 

in HEK293 cells. Strikingly, there was a significant drop in H3K4me3 levels at the MEF2A 
promoter (which carries multiple MEF2C motifs at its promoter sequences) and similar 

changes for additional target sequences (Supplemental Figure 2). These findings imply that 

increased H3K4me3 at sequences with MEF2C binding motifs in our diseased postmortem 

brains could reflect compensatory epigenomic mechanism in response to deficits in MEF2C 

regulatory activity. If this hypothesis is correct, then a robust increase in the neuronal supply 

of MEF2C should exert a therapeutic effect. Thus, we next tested this hypothesis in an 

animal model.

Increased Mef2c expression in PFC neurons improves cognition

To explore whether MEF2C expression in adolescent and young adult PFC (the typical time 

of onset of schizophrenia symptoms38) could impact complex behaviors, we bilaterally 

injected juvenile C57Bl6 mice at postnatal day P27 with adeno-associated virus human 
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synapsin I (hSYN1) promoter to drive neuronal expression of Mef2c-GFP 
(AAV8hSYN1-Mef2cGfp), or control vector (AAV8hSYN1-CreGFP) (N=10 mice/group, Figure 

2A). We focused on PFC-dependent behaviors with relevance to schizophrenia, including 

working memory—which is impaired in many patients39—and long-term memory40. We 

tested working memory at P46-P50 with the radial arm maze and long-term memory over 3 

days41–43, by the 24-hour interval novel object recognition paradigm—a test that is sensitive 

to atypical antipsychotic drugs and serves as a rodent model for cognitive impairment in 

schizophrenia44—at P89-P91. (Figure 2A). A lower number of repeated entries (‘errors’) 

into individual maze arms approached significance using both a two-way ANOVA 

(F(2)=4.335, p=0.0519) and a one-tailed t-test for day 3 (t(18)=1.651, p=0.0580) (Figure 

2B). Furthermore, AAV8hSYN1-Mef2cGfp mice, in comparison to AAV8hSYN1-CreGFP 

controls, spend significantly more time with the novel object when presented together with 

the familiar’ object on day 3 using a two-way ANOVA (F(1)=38.25, p<0.0005) followed by 

a posthoc Bonferroni for Mef2c (t=3.751, p<0.01) (Figure 2C). These memory-promoting 

effects by the Mef2c-Gfp transgene were highly specific, because behavioral assays for 

general locomotor activity and anxiety and depression-related behaviors remained 

indifferent to increased prefrontal Mef2c expression (Supplemental Figure 3), consistent 

with earlier studies on Mef2c-deficient mice45.

In addition to the behavioral and molecular changes, we wanted to find out whether 

increased MEF2C could affect functional connectivity of PFC neurons. To this end, we 

examined spine morphologies of basal dendrites of PFC layer III pyramidal neurons, using a 

conditional line expressing membrane-bound GFP (GFP-F)46 for Golgi-like labelings of 

individual cortical cells after low titer AAV-Cre injections (Figure 2D,E). Indeed, for the 

three broadest spine classes (thin-stubby-mushroom) characteristic for mature cortical 

neurons47 , AAV8hSYN1-Mef2cGfp exposure led to a shift in composition, primarily due to a 

significant decrease in the proportion of mushroom spines (t(58)=2.040, p=0.0459, unpaired 

two-tailed t-test) and a trending increase in stubby spines (t(58)=1.837, p=0.0713)(Figure 

2E). This was associated with a non-significant increase in spine densities (N=3 animals/

group and 10 dendrites/animal, mean±S.E.M. spines/µm, AAV8hSYN1-Mef2cGfp, 2.059±0.14; 

control, 1.98± 0.10).

Having shown that viral vector-induced long-term upregulation of Mef2c expression in adult 

PFC neurons is associated with improved cognition and remodeling of spine profiles in 

pyramidal neurons, we next asked whether gene expression is altered in PFC of 

AAV8hSYN1-Mef2cGfp mice, specifically at promoters harboring Mef2c motifs found within 

risk loci for schizophrenia. To this end, we performed RT-PCR from intranuclear RNA of 

GFP+/NeuN+ nuclei that were FACS-sorted from AAV8hSYN1-Mef2cGfp mice. We confirmed 

a significant ~2.5-fold increase in Mef2c RNA (p=0.0354 paired one-tailed t-test) in 

neuronal nuclei expressing the Mef2c-Gfp transgene, compared to control (GFP−/NeuN+) 

neurons from the same PFC specimens (Figure 2F, 2G). Furthermore, gene promoters with 

human/mouse conserved MEF2C motifs affected by H3K4me3 hypermethylation in our 

schizophrenia cases showed increased expression in the Mef2c-Gfp expressing GFP+/NeuN+ 

nuclei compared to control GFP−/NeuN+ nuclei, including Tblxrl (p=0.0042, paired one-

tailed t-test) and Pkn2 (p=0.0176, paired one-tailed t-test) (Figure 2G), thus showing that 
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genes with variant Mef2c motifs are sensitive to the vector-induced increased supply of 

MEF2C.

To further test the link between improved cognition and increased MEF2C occupancy in 

chromatin of PFC neurons, we fused Mef2c to bacterial DNA adenine methyltransferase 

(Dam) cDNA and transiently expressed the resulting chimeric protein via herpes simplex 

vector (HSV) (Figure 2H). HSV-mediated expression in brain is limited to <7days48, 49, 

thereby allowing us to compare the behavioral effects after short-term (1 week, Figure 2H) 

and long-term (+10 weeks, Figure 2A) increase of Mef2c expression in adult PFC neurons. 

Indeed, we report striking similarities between the two treatment models. Radial arm maze 

performance approached significance in HSVMef2c-Dam mice compared to control mice on 

day 3 using a one-tailed ttest, t(8)=1.823, p=0.0529 (Figure 2I), similar to behavioral 

changes observed in the AAV8hSYN1-Mef2cGfp mice described above. Novel object 

recognition performance was superior, compared to control, in HSVMef2c-Dam mice (2-way 

ANOVA for object F(1)=13.51, p=0.0017; for transgene F(1)=8.501, p=0.0092, posthoc 

Bonferroni for Mef2c, t=3.617, p<0.01) (Figure 2J), consistent with similar changes 

observed in AAV AAV8hSYN1-Mef2cGfp animals (Figure 2C). The results from our 

HSVMef2c-Dam and AAV8hSYN1-Mef2cGfp studies, taken together, suggest that cognitive 

performance is significantly improved, compared to control animals, both after longer-term 

(up to 10 weeks) and short-term (1 week) increase of prefrontal Mef2c expression. Next, we 

wanted to explore whether such type of cognitive enhancement is specific for Mef2c. To this 

end, we tested behavioral changes after prefrontal expression of a different type of TF, Core-
binding Factor, Beta (Cbfb). We generated HSVCbfb vectors for prefrontal expression of 

Cbfb, which is a Runx transcription factor associated protein implicated in postmitotic 

neuron differentiation50. Importantly CBFB expression was, like MEF2C, significantly 

increased in the PFC of the CMC disease cohort (Supplemental Figure 4A). However, 

HSVCbfb mice, in comparison to HSVGfp injected controls, did not show superior memory 

performance, or changes in locomotion or anxiety and depression-related behaviors 

(Supplemental Figure 4B–H). We conclude that Mef2c, but not other TF with dysregulated 

expression in the CMC schizophrenia cohort, including Cbfb, improves prefrontal cognition 

and memory in the mouse.

Next, we tested if improved test performance in HSVMef2c-Dam mice extends to other tests 

relevant for prefrontal function, including social recognition. However, independent of 

transgene delivery into PFC, all groups of animals tested showed strong preference for the 

novel over the familiar mouse (2-way ANOVA novel vs familiar F(1)=83.70, p<0.0001) 

(Figure 2K). We conclude that improved behavioral test performance after Mef2c 
upregulation in PFC neurons does not uniformly apply to all cognitive domains, with novel 

object recognition and working memory highly responsive to Mef2c increase, in contrast to 

social cognition.

Because our behavioral assays studies described above were limited to Mef2c effects on 

cognition at baseline, we added a pharmacological challenge in our final set of behavioral 

experiments, with repeated low dose daily systemic administration of NMDA receptor 

antagonist MK-801 (0.2 mg/kg). Of note, transient disruption of NMDA receptor signaling 

induces lasting impairments in neuronal signaling, cognition, social behaviors and emotion, 
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and serves as frequently implied pharmacological model for schizophrenia and other 

psychosis spectrum disorder51–54. Mice were injected with prefrontal AAV8hSYN1-Mef2cGfp 

or AAV8hSYN1-CreGfp as control, and 5 weeks post-injection subjected to MK-801 or 

vehicle, followed 30 min later by a radial arm maze test. Under such type of psychotogenic 

drug challenge, AAV8hSYN1-Mef2cGfp significantly outperformed AAV8hSYN1-CreGfp in 

working memory on the test day (Supplemental Figure 5).

In vivo Dam-tagging of Mef2c binding sites

Previous studies in cell culture suggests that TF Dam methyl-transferase, fusion proteins 

inform about genomic occupancies of the TF55, by virtue of Dam-mediated adenine 

methylation mA activity which is specific for GATC tetramers. Note that in wildtype 

vertebrate genomes, endogenous adenine methylation is extremely low and limited to 

sequence context other than GATC56. Therefore, we reasoned that GmATC adenine 

methylation analyses in PFC neurons transfected with HSVMef2c-Dam could test whether 

MEF2C-mediated cognitive enhancement is associated with MEF2C occupancies at 

promoters carrying a MEF2C binding site. We applied differential Dpn II restriction digest-

PCR to measure GmATC adenine methylation57 in DNA extracted from HSVMef2c-Dam and 

control PFC (Figure 2L). We focused on human/mouse conserved cis-regulatory sequences 

affected by H3K4 hypermethylation in the PFC neurons of our schizophrenia cohort. Indeed, 

robust GmATC adenine methylation was present at 5/7 or 83% of cis-regulatory sequences 

harboring MEF2C binding motifs, including sites with the canonical binding sequence 

(Mef2a, Tblxrl, Slc7a8, Pkn2) and at sites carrying the above mentioned ‘Motif 2’ sites 

(Pkn2), while adenine methylation at a promoter lacking MEF2C motifs (Foxp1) were 

similar to background (Figure 2M). Furthermore, no adenine methylation was found in DNA 

from sham-injected PFC samples, processed in parallel with the DNA from HSVMef2c-Dam 

PFC (Figure 2M). We conclude that improved cognition in mice with increased Mef2c 
expression in PFC neurons is associated with increased genomic occupancy by MEFC2 

protein at gene promoters harboring MEF2C recognition sequences.

High order chromatin at the MEF2C locus

Having shown that increased neuronal Mef2c expression is associated with cognitive 

changes and up-regulated expression at disease-relevant gene promoters harboring MEF2C 

motifs, we wanted, in our final set of experiments, gain first insights into additional 

regulatory layers that could govern transcription at MEF2C-sensitive genes, in relation to the 

genetic risk architecture of schizophrenia. For example, cis-regulatory motifs orchestrating 

neuronal gene expression— including those embedded in chromatin tagged with the 

transcriptional mark, H3K4me3—are non-randomly arranged into 3-dimensional 

chromosomal conformations58–60. This includes ‘loopings’ that ‘bundle’ non-contiguous 

DNA elements, potentially separated by many kilobases of linear genome, into close 

physical proximity58–61. To explore, we focus here on the human MEF2C gene itself, 

because it harbors H3K4 hypermethylated MEF2C binding motifs in our disease cohort 

(Figure 3A). Of note, the MEF2C gene is surrounded by multiple non-coding and antisense 

RNAs in the chromosome 5q14.3 neurodevelopmental risk locus62, and evidently undergoes 

complex regulation in human cerebral cortex (Figure 3B). This includes broad stretches of 

highly acetylated chromatin, and two superenhancers surrounding the MEF2C gene (Figure 
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3B). Importantly, there are multiple single nucleotide polymorphisms (SNPs), positioned up 

to 500kb from the MEF2C transcription start site that confer statistically robust (P<10−8) 

heritability risk in schizophrenia 63 and Alzheimer’s disease64 (Figure 3B). These findings, 

taken together, suggest a regulatory role for spatial genome architectures, including long-

range chromosomal loopings targeting the MEF2C gene proximal promoter. To explore loop 

formations at the MEF2C locus, we ran chromosome conformation capture (3C) assays in 

N=7 disease cases and N=4 controls. In addition, 3C was applied to neuronal cultures 

differentiated from induced pluripotent stem cells from another N=6 individuals not related 

to the postmortem cohort, including 3 disease cases and 3 controls. 3C-PCR primers were 

anchored on the H3K4 MEF2C transcription site (which showed excess H3K4me3 in our 

disease cohort (Figure 3A,B). However, while interrogation of twelve MEF2C promoter-

bound chromosomal loop formations did not reveal higher order chromatin changes in 

diseased PFC (Figure 3C), iPSC-derived cultured neurons from diseased subjects showed 

significantly increased DNA looping connecting the MEF2C superenhancer with sequences 

surrounding the risk-associated polymorphism rs16867576 positioned >500kb further 

downstream on the linear genome (Figure 3B, Supplemental Figure 6). We draw two 

conclusions: First, spatial genome organization (‘3D genome’) at the MEF2C locus includes 

long range loop contacts bypassing 0.5Mb of linear genome to interconnect risk-associated 

sequences with the MEF2C TSS. Second, MEF2C chromosomal conformation changes do 

not consistently affect diseased postmortem brain, while the DNA loop changes in iPSC-

derived neuronal cultures from some schizophrenia cases could suggest that higher order 

chromatin defects may exist in a subset of individuals carrying the diagnosis.

DISCUSSION

Using multidimensional integrative approaches, we identify MEF2C transcription factor as 

promising therapeutic target for schizophrenia and other psychiatric disease associated with 

impaired cognition. We show that MEF2C motifs are enriched within the pool of top scoring 

SNPs associated with schizophrenia. In addition, by deeply sequencing open chromatin-

associated histone methylation landscapes in prefrontal neuronal chromatin of 17 subjects 

with schizophrenia and 17 controls, we report specific overrepresentation of the canonical 

and variant MEF2C motifs among the 1311 sequences with disease-associated histone 

hypermethylation. Among these, there was significant overrepresentation of genes 

associated with neuronal signaling and complex behavior. The broader role of MEF2C for 

normal and disordered cognition is further emphasized by the association of MEF2C DNA 

polymorphisms with schizophrenia 63 and Alzheimer’s disease64, in conjunction with a 

highly complex multi-layered epigenomic architecture around the MEF2C locus on 

chromosome 5, which includes multiple superenhancers and 3-dimensional DNA loop 

formations.

Of note, MEF2C binding sites are enriched at H3K4-methylated enhancer and promoter 

sequences regulated by synaptic activity in neurons65. Prefrontal MEF2C expression 

continues across the entire postnatal life span (Figure 1C). These findings suggest that 

MEF2C remains important for cortical function and cognition in the mature brain, beyond 

its established role during pre- and perinatal development45, 66. The observed H3K4 

hypermethylation of MEF2C target sites in diseased PFC neurons, in conjunction with 
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similar changes after our small RNA-mediated Mef2c knock-down in cell culture, would 

suggest that the H3K4me3 excess in schizophrenia brain reflects compensatory mechanisms 

due to insufficient MEF2C supply or regulatory activity. If this hypothesis is correct, then 

robust Mef2c overexpression in adult mouse PFC neurons should elicit beneficial effects on 

the animals’ cognition and behavior, which is what we observed. Indeed, up-regulation of 

neuronal Mef2c expression in PFC, using two different types of vectors in different cohorts 

of mice with different duration of treatment, including a pharmacological challenge, was 

consistently associated with improved cognitive performance across two out of three 

cognitive domains tested. We note that MEF2C’s behavioral effects, such as improved 

working memory after PFC overexpression, are moderate and reflect ~1.5–2 fold 

improvement from baseline. These MEF2C induced changes are of similar magnitude when 

compared to behavioral alterations resulting from other epigenomic and transcriptional 

regulators essential for PFC function67, 68. In any case, the favorable behavioral outcomes 

resulting from increased prefrontal Mef2c expression, when taken in conjunction with the 

strong MEF2C footprint in neuronal chromatin from subjects diagnosed with schizophrenia, 

point to the strong therapeutic potential of MEF2C.

Interestingly, in our study, MEF2C up-regulation in PFC pyramidal neurons was associated 

with reduced numbers and proportions of mushroom spines which are considered ‘mature’ 

spines69. This spine type shows decreased density in PFC after repeated exposure to a 

working memory task70, while at least some forms of stress and aging elicit the opposite 

change71, 72. Therefore, the morphologies findings in our study provide additional support 

for our hypothesis that MEF2C is a critical regulator of adult PFC function and a promising 

target to treat cognitive dysfunction, including some aspects of working and long-term 

memory. Our findings significantly extend earlier reports on changes in synaptic 

connectivity and hippocampal learning and memory in mice with conditional Mef2c ablation 

or overexpression in radial glia and progenitor cells and immature neurons in perinatal brain 
45, 66.However, while we predict that a molecular toolbox aimed at upregulated MEF2C 

expression in mature PFC neurons could be of interest for a range of neuropychiatric 

conditions, the regulation of neuronal transcriptomes by the four MEF2s’ (MEF2A-D) is 

complex, with dynamic shifts in TF ratios during periods of development and maturation, 

with MEF2 homo- and heterodimers at A/T rich sequences73. It is likely that some of the 

disease-associated MEF2C recognition motifs described here are promiscuous, and could 

provide binding sites for multiple MEF family members to fine-tune expression of genes 

with a key role in neuronal differentiation and plasticity74, and excitatory synapse numbers 

and spine densities45, 75–79.

One would predict that once genetic engineering technologies are approved for the treatment 

of brain disorders, MEF2C, and possibly other TF implicated in the neurobiology and 

genetic risk architecture of schizophrenia, including TCF480, 81, ZNF804A82, 83, PGC1A84, 

LHX685, among several others, should become high priority for further preclinical research. 

With at least one third of schizophrenia patients showing very poor and incomplete response 

of their cognitive symmptoms to conventional antipsychotic drugs that primarily target 

dopamine and serotonin signaling pathways7, multidimensional integrative approaches as 

described here are likely to open new avenues for radically novel treatments.
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Figure 1. Epigenomic Dysregulation of Regulatory Sequences in PFC neurons from Subjects 
with Schizophrenia
(A) (Left) 30 TF motifs were discovered using RSAT de novo motif analysis ±1kb of the 

lead SNP from the 108 genetic regions identified from the PGC2 dataset. (Right) From a 

total of N=9 motifs matching to specific transcription factors (TFs) in JASPAR, N=2 motifs 

matched the canonical MEF2C motif. (B) CommonMind Consortium RNA-seq data from 

disease cases show minimal increase in prefrontal MEF2C expression. (C) BrainCloud 

microarray data, showing the developmental trajectory of prefrontal MEF2C transcript 
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levels. (D) Neuronal chromatin profiling from postmortem PFC. Cortical nuclei are in 

suspension immunostained with NeuN antibody. Representative fluorescence-activated 

nuclei sorting (FANS) plot after 3×104 events, showing complete separation of NeuN+ and 

NeuN− nuclei. Microscopic images of NeuN+ (green), DAPI counterstained (blue) nuclei 

pre- and post-sort, as indicated. Scale bar, 5 µm. Mono-nucleosomal preparations from 

neuronal chromatin are immunoprecipitated with anti-H3K4me3 antibody and processed for 

ChIP-seq (E) Pie charts, (left) genome-scale proportions of H3K4me3-tagged sequences in 

disease and control PFC neurons (N=17 subjects/group) and (right) functional representation 

of SCZ-up and SCZ-down peaks. Note overrepresentation of intronic and intergenic 

sequence, at the expense of gene promoters. (F) Bar graph showing enrichment for (blue) 

gene ontology categories and drug response, and (gray) phenotype pathways 24 in SCZ-up 

peaks. (G) H3K4me3 peaks altered in PFC neurons from schizophrenia subject shows 

significant enrichment for PFC superenhancers (14/342) 27. Note that there is no disease-

associated enrichment of typical enhancers tagged with H3K4me3 (45/5069), compared to 

the proportion of the entire pool of dysregulated H3K4me3 peaks (1423) against the total 

pool of H3K4me3 peaks (137373). *, P<005, hypergeometric test. (middle bottom) (H) (top) 

RSAT de novo motifs28 enriched in SCZ-up peaks (red dots), all presenting as variants of the 

generic CT(A/T)4TAG/A consensus sequence together with canonical MEF2C motif (black 

dot) and 2/30 RSAT-predicted PGC2 motifs (purple dots) using a neighbor joining tree with 

the canonical MEF2C motif (Clustal Omega29, 30) (see also Supplemental Table 13). 

(bottom) Bargraph, showing MEF2C motif enrichments specifically among SCZ-up peaks 

(8/8) and PGC2 risk regions (2/30), but not among SCZ-down (0/30). (I) (left) Gel shift 

assay with human PFC nuclei as input and eight 32P-labeled 27bp duplex probes with 

variable 10bp insert (Supplemental Table 15). Lane 1, MEF2C canonical; lane 2, non-

MEF2C control; lane 3, chr.5 MEF2C super-enhancer sequence harboring canonical MEF2C 

motif shown in Figure 3A; lanes 4–8, MEF2C-like motifs enriched in SCZ-up peaks, as 

indicated. Notice highest affinity for ‘Motif 2’. (right) MEF2C immunoblot from PFC 

nuclei, showing robust 55 kDa (full length) MEF2C immunoreactivity. Histone H3 for 

loading control. (J) ChIP-PCR with anti-MEF2C antibody on human PFC nuclei (N=3 

control subjects), showing several-fold enrichment at gene promoters harboring MEF2C 

motif variant ‘Motif 2’. Data expressed as fold-increase over ChIP-PCR with IgG control 

antibodies.
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Figure 2. Improved cognition after Mef2c expression in PFC neurons
(A) Overview, timeline of AAV8 experiment and timeline: postnatal day P27, bilateral PFC 

injection for hSynapsin1 promoter-driven Mef2c, or CreGfp control cDNA (N=10/group). 

PFC harvest at P104, after completion of behavioral assays. (B) Radial arm maze. 2-way 

ANOVA, (F(2)=4.335, p=0.0519. Day 3 (test day), one-tailed t-test (t(18)=1.651, p=0.0580). 

(C) Three day novel object recognition paradigm. Note that Mef2c-Gfp mice spend 

significantly more time with the novel object when presented together with the familiar 

object on test day (day 3). 2-way ANOVA (F(1)=38.25, p<0.0001; posthoc Bonferroni 
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t=3.751, p<0.01. (D) Overview, timeline of AAVhSYN1(Mef2c-Gfp)/AAVhSYN1(Cre-mCherry) 

experiments, including P90 2-vector co-injections into TLG498 mice. P139 dendritic spines 

assessment in neurons with cre-mediated expression of membrane-bound GFP46. (E) (left) 

Representative example of layer III PFC pyramidal neuron. Note triangular soma and 

prominent apical dendrite reaching through vertical thickness of upper cortical layers and 

basal dendrite within 150 micron from soma selected for spine morphometry, marked by 

arrowhead . Size bar, 100 µm. (top right) Examples of basal dendrites of Mef2c expressing 

neuron and control, as indicated. Arrowheads depict examples of (T) thin, (S) stubby and 

(M) mushroom spines, as indicated. Size bar, 5 µm. The bar graph shows a significant 

decrease in proportion of mushroom spines in Mef2c-Gfp transfected PFC neurons 

compared to control (N=3 mice/group, 10 dendrites/animal (5/hemisphere) (t(58)=2.040, 

p=0.0459, unpaired. two-tailed t-test) and trending increase in stubby spines (t(58)=1.837, 

p=0.0713). Minimum dendritic length analyzed/dendrite, 20 µm. (F) (left) Overview of 

FANS from AAVMef2c-GFP injected mouse cortex (right) Representative FANS plot after 104 

sorting events. PFC nuclei from mice injected with AAVhSYN1(Mef2c-Gfp) were NeuN+ 

immunostained for 4-way sort (NeuN+/GFP+, NeuN+/GFP−, NeuN−/GFP+, NeuN−/GFP−. 

Notice near-complete absence of NeuN−/GFP+ nuclei. (G) Levels of transcript for Mef2c, 
and for MEF2C target genes. Total RNA extracted from (green) NeuN+, GFP+ nuclei of 

mice injected with AAVhSYN1(Mef2c-Gfp) compared to (orange) NeuN+, GFP− nuclei from 

same the PFC specimens. N=5–7/group. *,P<0.05 one-tailed t-test: Mef2c, P=0.035; Tblxrl, 
P=0.004; Pkn2, P=0.017. (H) Overview, timeline of HSVMef2c-Dam experiment: P90, 

bilateral PFC injections for IE4/5 promoter-driven expression of Mef2c-Dam or sham 

control. (I) Radial arm maze. HSVMef2c-Dam mice outperformed control mice on day 3 (test 

day). N=5/group one-tailed t test, t(8)=1.823, p=0.0529. (J) Novel object recognition. 

HSVMef2c-Dam mice spent more time with the novel object on day 3 (test day) of the 3-day 

novel object recognition paradigm, compared to controls. N=10/group; 2-way ANOVA for 

object F(1)=13.51, p=0.0017; for transgene F(1)=8.501, p=0.0092, posthoc Bonferroni for 

Mef2c transgene t=3.617, p<0.01. (K) 3-chamber social novelty paradigm. N=10/group, 2-

way ANOVA, novel vs familiar F(1)=83.70, p<0.0001. There is no effect by transgene. (L) 

DamID assay. MEF2C-DAM fusion protein confers GmATC methylation at MEF2C-binding 

sites. Dam-methylated sequences are measured by PCR after DpnII digest. (M) Bar graph 

for quantification of PCR amplicons from Dpn II digested DNA at multiple MEF2C target 

sequences, including proximal Mef2a promoter. Note absence of PCR products in DpnII 

treated DNA from sham injected PFC.
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Figure 3. Higher order chromatin changes at the MEF2C locus in some cases with schizophrenia
(A) H3K4me3 ChIP-seq genome browser tracks from PFC neuron chromatin of four 

representative control (blue) and five representative schizophrenia (red) subjects (left) 700kb 

MEF2C and (center) 120kb CAMK2A locus. Notice increased H3K4me3 around MEF2C 
transcription start site (dotted rectangle) in 2/5 disease cases. (right) Bargraph, H3K4me3 

read density (total N=34 subjects, mean±S.E.M.) at 450bp regulatory MEF2C sequence 

(HG19 chromosome 5:88,179,454–88,179,902). Data show N=17 controls, N=17 disease 

cases, P<0.05, two-tailed t-test. Note MEF2C motif at chr5: 88,178,935–88,178,961, in 

close proximity to MEF2C transcription start site. (B) Genomic landscape in human PFC at 
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MEF2C locus. ChIP-seq track showing multiple broad (>50kb) stretches of histone H3K27 

acetylated sequence, including two superenhancer (SE) 27 at MEF2C 5’ and 3’ end. Two top 

scoring SNPs associated with genetic risk for schizophrenia 63 and Alzheimer’s disease64, as 

indicated. (C) PFC higher order chromatin mapping with chromosome conformation capture 

(3C) from N=7 diseased (SCZ, red) and N=4 controls (CON, blue) subjects. 3C-PCR anchor 

‘A’ primer and loop-bound DNA with primers no.1–12 as indicated. Notice there are no 

consistent alterations in the disease cohort.

Mitchell et al. Page 21

Mol Psychiatry. Author manuscript; available in PMC 2018 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	TF signatures in the molecular architecture of schizophrenia
	Epigenomic dysregulation in PFC neurons from subjects with schizophrenia
	Increased Mef2c expression in PFC neurons improves cognition
	In vivo Dam-tagging of Mef2c binding sites
	High order chromatin at the MEF2C locus

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3

