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Abstract

Methyl-CpG-binding domain 2 (Mbd2) binds methylated DNA and was shown to play an
important role in cancer and immunity but its role in brain function is mostly unknown. Here we
show that MBD2 deficiency in mice results in deficits in cognitive, social and emotional
functions. Chromatin immunoprecipitation (ChIP-seq) revealed that Mbd2 binds to regulatory
DNA regions of neuronal genes in the hippocampus. Loss of Mbd2 alters the expression of
hundreds of genes with a robust down-regulation of neuronal gene pathways. Genes down-
regulated by loss of Mbd2 are highly enriched for ortholog ASD risk genes Further, a genome-
wide DNA methylation analysis found an altered DNA methylation pattern in regulatory DNA
regions of neuronal specific genes in Mbd2 deficient mice. Taken together, our data suggest
Mbd2 regulates hippocampal DNA methylation landscape to control neuronal gene expression

and behavior.
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Introduction

Epigenetic modifications of the genome are long known to play a crucial role in normal brain
function and a wide range of neuropsychological functions and neuropsychological disorders
(Sweatt 2016). The most studied epigenetic modification is DNA methylation, the addition of a
methyl group to the DNA on a cytosine in a CpG dinucleotide context. DNA methylation in
promoters and other regulatory regions suppress gene expression by interfering with
transcription factors and transcription machinery binding (Weber, Hellmann et al. 2007, Lister,
Pelizzola et al. 2009). An additional mechanism involves recruitment of members of a family of
proteins Methylated DNA binding proteins (MeCP2 and MBD1-6) which share a Methyl-CpG
Binding Domain (MBD) (Jorgensen and Bird 2002, Du, Luu et al. 2015). MeCp2 and MBD2 were
shown to recruit chromatin repressive complexes to genes and thus cause alterations in histone
modification and silencing of gene expression (Nan, Campoy et al. 1997, Ng, Zhang et al. 1999,
Baubec, Ivanek et al. 2013). These proteins are highly expressed in brain tissues (Hendrich and
Bird 1998, Fan and Hutnick 2005).

The most extensively studied MBD protein is MeCP2 since mutations and duplications of this
gene cause Rett syndrome (Amir, Van den Veyver et al. 1999, Moretti and Zoghbi 2006). Some
studies on the role of MBD1 suggest it has a role in neurodevelopment and
neurodevelopmental disorders like autism (Zhao, Ueba et al. 2003). In contrast, little is known

about the roles of other MBD proteins in the brain.

Several studies associated MBD2 with neuropsychiatric disorders. Polymorphisms in MBD2
genes were associated with schizophrenia (Xie, Yu et al. 2014). An increased MBD2 DNA binding
on the promoters of BDNF, GAD1 and RELN genes was observed in post-mortem brains of
schizophrenia and bipolar disorder patients (Dong, Ruzicka et al. 2015). One study associated
polymorphism of MBD2 gene to rare cases of autism (Li, Yamagata et al. 2005) and several
studies found Copy Number Variants at and around the genomic position of the MBD2 gene

(18921.2) in Autism Spectrum Disorder (ASD) patients (for details see SFARI gene project CNV
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database: https://gene.sfari.org/database/cnv/). Recently, we found MBD2-bound DNA regions
to become hypo-methylated in the prefrontal cortex of depressed- suicide completers (Nagy,
Suderman et al. 2015). Further, in an animal model for maternal maltreatment, we found
maltreated rat pups to show reduced MBD2 expression in the hippocampus which led to
reduced glucocorticoid receptor expression and elevated stress (Weaver, Hellstrom et al. 2014).
However, to date the mechanisms by which MBD2 affect gene-expression and ultimately brain

function and behaviors are unknown.

In the present study, we directly assessed the role of MBD2 in behavior using a knock-out (KO)
mouse model. A comprehensive behavioral battery found cognitive, social and emotional
deficits in MBD2 knock-out mice. Since the behavioral abnormalities pointed to hippocampal
functions we examined the molecular footprints of MBD2 in the hippocampus. We applied
unbiased genome-wide approaches. Using ChIP-seq with an MBD2 specific antibody we
mapped the genome binding sites of MBD2 and found that it binds methylated and
unmethylated CpGS on and around many neuronal genes in the hippocampus as well as other
genomic locations. Loss of MBD2 binding in KO mice led to down-regulation of neuronal-genes.
In contrast, genes that are not specific to brain were activated by MBD2 deficiency. MBD2
deficiency led to increased methylation on promoters and enhancers of neuronal genes,
suggesting that MBD2 maintains DNA hypomethylation status on neuronal genes and hence
hippocampal genome functions. Furthermore, we found that genes down-regulated by loss of
Mbd2 are highly enriched for ortholog ASD risk genes implying an important role for Mbd2 in

neurodevelopment and neuropsychiatric disorders.
Methods
Animals

The MBD2 KO line was created in the lab of Adrian Bird (Hendrich, Guy et al. 2001).
Heterozygous (-/+) mice were provided by Adrian Bird and were bred in McGill University
animal facility. Mice were housed in groups (3-5/cage) with 12-h light/dark cycles under
conditions of constant temperature (23C) and humidity (50%), and free access to food and

water. All behavioral tests were performed on male and female mice. All procedures were
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carried out in accordance with the guidelines set down by the Canadian Council of Animal Care

and were approved by the Animal Care Committee of McGill University.
Behavioral procedures

Open-Field Test. Mice were placed in an open field (45x45 cm) apparatus with 30-cm-high walls.
Their locomotor activity and exploration behaviors were measured for 5 min. The open-field

test was also used as a habituation session for the object-recognition and object-location tests.

Object-Location Memory (OLM). Each mouse was placed for 5 min in the open field with two
identical objects (A1 and A2) positioned in two adjacent corners. Exploration was defined as
sniffing or touching the object with the nose and/or forepaws. The exploratory preference for
each object was calculated as time (t) spent in exploring that object expressed as the
percentage of total exploration time [(tA2/(tA1+tA2) x100]. For the long-term memory (LTM)
test conducted 24h after the training session, the same mouse was allowed to explore the field
for 5 min in the presence of the same objects in the same settings with the exception that one
of the objects was displaced to a novel location. Visual cues (adhesive tape) were placed on two

adjacent walls as described before (Heyward, Gilliam et al. 2016).

Social Interaction Test. The test was performed as described before (Sato, Kasai et al. 2012).
This test was selected based on its superior sensitivity over the classical three-chamber social
approach test.

The duration of the test was 5 minutes. Sniffing, close following, and allo-grooming were

defined as social interaction. No aggressive behaviors were found during the tests.

Spontaneous Alternations in Y Maze. The Y mice was a standard 30 x 6 x 15 cm (Length x Width
x Height) grey apparatus. Mice were allowed to freely explore the maze for 5 minutes. An entry
to an arm was considered when all four paws were inside the arm. The measures included
spontaneous alteration performance (i.e., a successful triad), alternate arm returns (AAR) and

same arm returns (SAR). Total number of entries was assessed as well.

Dark-Light-Box. Anxiety-related behavior of the mice was tested in the Dark-Light Box

consisting of two chambers connected by an open gate. Mice were placed near the gate in the
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light chamber facing the dark chamber. Latency to first entry to the light side, number of exits

and total time in the aversive light compartment were recorded for 5 min.

Chromatin-Immunoprecipitation Followed by Sequencing (ChIP-Seq)

For all ex-vivo experiments, mice (8 weeks of age) were sacrificed, the brains were rapidly
removed and bi-lateral hippocampi were isolated and flesh frozen for later analysis. For
Chromatin-Immunoprecipitation, hippocampi were homogenized in 1 X PBS including 1%
formaldehyde, and the homogenates were kept for 10 min at 25°C. Cross-linking reactions were
stopped by the addition of glycine (125 mM) for 10 min at 25°C. Fixed chromatin samples were
then homogenized in cell lysis solution (PIPES 5 mM (pH 8), KCI 85 mM, NP40 0.5%) and
centrifuge for 5 min at 3000 rpm, 4°C. Pellets were resuspended in RIPA-light solution (NaCl 150
mM, SDS 0.3%, Tris-HCI 50 mM (pH 8)) and sonicated using a covaris E220. Sonicated chromatin
samples were then centrifuged for 15 min at 14000 rpm, 4°C. Pellets were resuspended in 1 ml
of RIPA-light solution. Chromatin samples were pre-cleared with 50 pul of dynabeads protein G
(Life Technologies) pre-blocked with BSA and incubated overnight at 4°C with an anti- MBD2
(Epigentek-A1007) antibody. Antibodies and chromatin were then mixed with 100 pl of
dynabeads protein G for 3 hours at 4°C. The beads were then washed with RIPA-light solution,
washing-solution (Tris-HCI 100 mM (pH 8), LiCl 500 mM). Protein—DNA complexes were eluted
from the beads, de-cross-linked, treated with proteinase K and purified. The DNA concentration
was determined by fluorometry on the Qubit system (Invitrogen). DNA samples from 8-10 mice
per group were pooled, a total of 10-12 ng DNA were used for the preparation of the library.
The immunoprecipitated DNA and input DNA were sheared a second time with the Covaris
E220 instrument in 53 pl reaction volume (duty factor 10%, Pic Incident Power 175, Cycles per
burst 200, time 360 sec) to obtain fragments in the size range of 150 bp followed by purification
with AMPure XP beads (x1.8v/v) (Beckman Coulter A63881). Purified DNA was resuspended in
45 pl elution buffer. A library of the chromatin immunoprecipitated DNA fragments was

prepared using the Tru Seq DNA Low Throughput Protocol (lllumina). PCR enrichment of
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ligation products was performed using the Illumina Primer Cocktail; 15 cycles of PCR were
performed for ChlIP libraries and 10 cycles for the input. The libraries were purified using
AMPure XP beads x1.0 v/v. Quality of libraries was validated by 260 nm absorbance
measurement, quality control on HSdna chip (Agilent Bioanalyzer: size of libraries around 275bp
bp) and quantification by Q-PCR with Kappa Library Quantification kit for lllumina Sequencing
Platforms (KAPPA Biosystems). The DNA concentration of the different sequencing libraries was
from 40 to 500 nM. Clusters (13.5 pM) were generated using TruSeq PE Cluster Kit v3, for cBot
protocol, which was followed by 50bp pair--end Sequencing, on an Illumina HiSeq 2000, per the

manufacturer recommendations.

Bioinformatic Analysis of the ChIP-Seq Data

Read quality for all next-generation sequencing experiments was assessed using Fastqc
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) confirmed high read quality and
inconsequential levels of adapter contamination. Reads were aligned to the mouse reference
genome (mm9 assembly) using Bowtie (Langmead 2010) with default parameters. Low quality
alignments and alignments for read pairs with multiple possible genomic alignments were
omitted. Duplicate read pairs were removed. Read count peaks corresponding to likely binding
sites were identified for each sample by MACS2 (Liu 2014) with default parameters. Peaks with
false discover rates less than 0.05 were selected as high-confidence binding sites. Sites were
annotated with their genomic locations relative to nearby genes using HOMER with default
parameters. De-novo motif discovery was done with HOMER with background adjusted to CpG

context.
ChiP-QPCR

Hippocmpi from 5-6 mice per group as biological replicates for validation of ChIP-seq were
subjected to the same ChIP protocol used for the ChIP-Seq. To exclude the possibility of
idiosyncrasy of the anti-MBD2 antibody used in the ChIP-seq experiment, we used another
antibody for this experiment (Imegenex, IMG147) and IgG antibody (Santa Cruz) served as an

additional control. For RNApolii (ser5) and H3K4mel ChIP experiments antibodies from Abcam
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were used (ab5408 and ab8895, respectively). Purified DNA was resuspended in 40ul for QPCR
analysis using SYBR green quantitative PCR was performed using the LightCycler® 480 system
(Software 3.5, Roche Molecular Biochemicals). To determine the relative enrichment, the 2 -

AACt method was used with normalization to 1gG and input data.
RNA-Sequencing and Data Analysis

DNA and RNA from 8-10 mice was isolated and purified with AllPrep-DNA/RNA/miRNA-
universal kit (Qiagen) and concentrations were determined by fluorometry on the Qubit system
(Invitrogen). Ribosomal RNA was removed using the Ribominus kit (Invitrogen). cDNA libraries
(4 per group) were generated and sequenced using an lllumina Hiseq 2500 (100 bp pair-end
runs), as instructed by lllumina's RNA-seq protocols. Reads were deduplicated as described
above. Reads were aligned to the mouse reference transcriptome (mm9) using the STAR aligner
(Dobin, Davis et al. 2013). Differential expression was analyzed using DeSeq2 with an FDR of

0.05 (Love, Huber et al. 2014).
Human Genetic Data Analysis

Human data of Loss-of-Function and damaging missense variants found in autism syndrome
disorder (ASD) were extracted from previous study (De Rubeis, He et al. 2014). Data were
divided into a subset of top 33 genes which were considered as “ASD risk genes” (FDR<0.1) and
a full set of 107 genes which were considered as “likely to affect risk” (FDR<0.3). In addition,
data from the SFARI GENE project (gene.sfari.org) were extracted. This database contains gene-
list of ASD associated genes based on human and animal model studies. Genes are grouped
according to criteria for the strength of evidence for each gene (a total of 970 genes as of 23
November 2017). We excluded 19 genes categorized in category 6 for genes studied in human
cohorts and findings suggest against a role in autism, having a total of 951 ASD-associated
genes from this database. Next, we assessed the overlap between ASD risk genes from each of
the databases to the ortholog mouse genes which were differentially expressed in Mbd2 KO

mice. Significance was determined by a hypergeometric test.

Quantitative polymerase chain reaction (qPCR)
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RNA was extracted from 5-9 mice per group as biological replicates for validation of RNA-seq
cDNA was prepared with random hexamer primers (Invitrogen) and a reverse transcription kit
(NEB) according to the manufacturer protocol. GAPDH was used as the reference gene. SYBR
green quantitative PCR (qRT-PCR) was performed using the LightCycler® 480 system (Software
3.5, Roche Molecular Biochemicals). To determine the relative concentration of mRNA

expression, the 2 -ACt method was used.
Capture bisulfite sequencing and DNA methylation mapping

The SeqCap Epi Enrichment System (Roche NimbleGen) for targeted bisulfite sequencing of
promoters and enhancers in the mouse genome was used. Mouse target probes (mm9) were
custom designed based on H3K4mel and H3K4me3 signals from mouse public ChIP-seq data. A
total of 83276 regions were targeted by the probes which spans 64760111 base pairs.
Biotinylated target probes were designed for both strands of bisulfite converted genomic DNA.
Bisulfite treated genomic DNA was ligated to methylated next generation sequencing (NGS)
adaptors, hybridized to the biotinylated oligonucleotide probes followed by a series of washes
of off-target DNA sequences and unbound DNA. Isolated DNA then underwent PCR
amplification and sequenced on Illumina Hiseq 2000 with pair-end 50bp reads and a technical

repeat with 125bp pair-end reads was performed as well.
Analysis of Differentially methylated cytosines

Sequences were aligned to the mm9 mouse reference genome using Bsmap v2.89 (Xi and Li
2009). Output data were strand-sorted, filtered, and deduplicated with Picard tools. Next,
methylation levels and coverage levels were extracted with methratio.py command in Bsmap.
Differential methylation cytosines were analyzed with methylKit R package (Akalin, Kormaksson
et al. 2012) with FDR threshold of 0.1 and at least 10% difference in methylation levels.

Differentially methylated positions were annotated with HOMER (Heinz, Benner et al. 2010).
Statistical Analysis

Comparisons between two groups in behavioral and molecular experiments were done with

two-tailed t-test. qPCR results for differentially expressed genes were analyzed as single-group
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T-test for fold change over control and one-tailed t-test, based on the a-priori assumption to
find differences in the same direction observed by the preceding RNA-seq experiment. For
correlation analysis between DNA methylation and gene expression, the Pearson’s correlation
coefficient was calculated (differential methylation >25% and log2 fold-change gene-expression
> 0.27). Other statistical analyses of bioinformatic data are detailed in the results section.

Heatmaps were generated with Morpheus (https://software.broadinstitute.org/morpheus/ ;

Broad Institute). GO annotations, pathway enrichment analysis and gene-networks were

analyzed with Metascape (Tripathi, Pohl et al. 2015) (http://metascape.org).
Results

Mbd2 is required for a range of cognitive, social and emotional behaviors

We investigated whether mbd2 plays a role in behavioral phenotypes using a battery of
behavioral test in mbd2-/- mice and control WT mice. There was no gross change in general
locomotion in an open-field box (Fig 1A) or in other exploratory behaviors (speed, entries to the
center of arena, time near walls; Fig S1). Several forms of memory were explored as well. Short-
term working memory was assessed by spontaneous alternations in Y-Maze and was found to
be intact in KO mice (Fig 1E). In contrast, mbd2-/- showed impaired memory retention in the
long-term object-location memory test (FiglB). mbd2-/- mice also exhibited reduced social-
interaction time and increased anxiety in the dark-light box (Fig 1C-D). Taken together, these
findings suggest that Mbd2 is involved in regulating a range of cognitive, social and emotional

behaviors.
Landscape of MBD2 binding in the hippocampus

We focused our analysis on the hippocampus since the behaviors affected are known to involve
hippocampal functions (Heyward, Walton et al. 2012, Mineur, Obayemi et al. 2013, Yang, Zou et
al. 2013, Tavares, Mendelsohn et al. 2015, Heyward, Gilliam et al. 2016). In addition, other
members of the MBD protein family were shown to have an important role in hippocampal
function (Zhao, Ueba et al. 2003, Moretti, Levenson et al. 2006, Camarena, Cao et al. 2014, Lu,

Ash et al. 2016). MBD2 ChIP-seq experiment from hippocampi of WT mice revealed 2,436 Mbd2
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peaks annotated to 1,222 genes. As expected, Mbd2 binds mostly to CpG-containing and GC-
rich DNA regions (X* = 43.364; df=1, p=4.54E-11 and X’ = 1129.7; df=1, p=2.2E-16 respectively).
Highly-enriched peaks were observed in proximity to transcription start sites (Fig2A, Spearman
rho=-0.13, p=2.4E-11, for absolute distance from TSS). Highly-enriched peaks were also
correlated with peak length (Spearman rho=-0.489, p=2.2E-16, data not shown). Interestingly,
de-novo motif discovery found the transcription factor E2F7 and other E2F family members to
be highly enriched in hippocampal Mbd2 peaks (Fig2B and FigS2; p=1E-197). The E2F family has
been found before to have an important role in neurogenesis and brain development (Ghanem,
Andrusiak et al. 2012, de Bruin, PW et al. 2016). We also compared our data to publicly
available ChIP-Seq data of the mouse hippocampus histone-marks (Gjoneska, Pfenning et al.
2015). As expected, Mbd2 bound overall to more repressive histone-marks (mostly H3K9me3)
than to active histone marks. However, a subset of the peaks was bound to both active and
repressive histone marks implying Mbd2 binds the same DNA regions in different cell
populations within the hippocampus potentially participating in chromatin remodeling (Fig2C-
D). Mbd2 co-occupancy with histone marks on promoters and gene bodies (mostly exons) was
enriched for active histone mark and depleted from repressive histone marks (Fig2E). Pathway
analysis by GO enrichment found that Mbd2 binds many neuronal- and brain- related pathways
such as: trans-synaptic signaling, synapse organization and behavior (Fig2F). These pathways
also showed good clustering as GO networks (FigS3) and protein-protein interactions analysis
found forebrain development and axon guidance as the top 2 annotations (log1l0p=-6.3 and -

5.6, respectively) further supporting a role for Mbd2 in neuronal function.

We selected 15 peaks of Mbd2 that were associated with promoters in neuronal-related genes
for further validation and for determining the impact of loss of binding on transcription
initiation (see Table S1 for genomic coordinates of validated peaks). Quantitative ChIP
confirmed binding of Mbd2 to these regions and loss of binding in the mbd2-/- mice (Q-ChlP,
Fig2G). We then determined whether loss of binding of Mbd2 in promoters or enhancers in
mbd2-/- mice affects transcription onset. Mbd2 deficiency resulted in reduced transcription
onset since occupancy of RNA polymerase phosphorylated on Serine5; RNApolii(ser5)) the form

found on promoters upon transcription initiation (Hirose and Ohkuma 2007, Jonkers and Lis
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2015) was reduced in mbd2-/- mice. Interestingly, this was associated with increased
abundance of histone mark (H3K4me1) marking enhancers in mbd2-/- (Fig2H-1). H3K4mel
modification marks active as well as inactive enhancers (Heintzman, Hon et al. 2009, Creyghton,
Cheng et al. 2010). H3K4me1l peaks that are flanking the TSS were shown to exhibit a peak-
valley-peak pattern. The valley usually overlaps with transcription initiation and RNApolll-PS5
peaks (Pundhir, Bagger et al. 2016) reflecting a nucleosome free zone and thus reduced histone
presence and reduced signal for the histone marks, which is prerequisite for transcription
initiation (McGhee, Wood et al. 1981). In transcriptionally inactive genes H3K4me1 peaks cover
the entire TSS forming one continuous peak centered at the TSS and overlapping with the
RNApolPS5 peaks. The increase of H3K4me1l concurrently with reduction of RNApolll-PS5
binding at the same position in mbd2-/- mice is consistent with inhibition of transcription onset
in response to mbd2-/-. These data suggest that although overall Mbd2 binding is associated
with repressive chromatin marks, Mbd2 is involved in activation of transcription turn on in

these neuronal specific promoters.
Mbd2 is required for expression of neuronal specific genes

To further elucidate the role of Mbd2 in gene expression in the hippocampus we delineated the
transcriptomes of WT and mbd2-/- using RNA-Seq. We found 2907 genes to be differentially
expressed (FDR<0.05), of which 1590 genes were up-regulated and 1,317 gene were down-
regulated in mbd2-/- mice (Fig3A, and FigS4 for validations). Pathway analysis by GO
enrichment found a robust down-regulation of neuronal-related pathways such as neuron
projection development, trans-synaptic signaling and behaviors (Fig3B) which were highly
organized in clusters as further supported by clustering analysis of the GO networks (Fig3C). In
strike contrast, the same analyses applied to up-regulated genes revealed mostly homeostasis,
metabolism and cell death related pathways with no enrichment of neuronal-related pathways.
GO network analysis revealed poor clustering of the differentially expressed genes in these

pathways (Fig3D-E).

Next, we determined whether the differentially expressed genes were interacting with Mbd2

by overlapping the Mbd2 ChIPseq and RNAseq results. A significant fraction of the down-
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regulated genes had also Mbd2 peaks annotated to them (85 genes; p=1.8E-9; hyper-geometric
test) while fewer up-regulated genes (55) had Mbd2 peaks annotated to them (p=0.31; hyper-
geometric test). Meta-analysis of the overlapping ChIP-seq and RNA-seq enriched pathways by
unsupervised clustering found that the top downregulated pathways in mbd2-/- were trans-
synaptic signaling, behavior and synaptic organization (Fig3F-G). These findings are consistent

with a role for Mbd2 in regulating neuronal-specific gene expression
The impact of mbd2 depletion on the DNA methylation landscape

MBD proteins are “readers” of DNA methylation and bind specifically to methylated DNA (Du,
Luu et al. 2015, Ludwig, Zhang et al. 2016). However, it is possible that they also play role in
maintaining DNA methylation/demethylation landscapes as has been previously proposed.
Previous studies in cancer cells and in T regulatory cells have suggested that depletion of Mbd2
causes hypermethylation of regulatory regions which in turn results in downregulation of gene
expression (Wang, Liu et al. 2013). Therefore, we tested whether Mbd2 deficiency would alter
the landscape of DNA methylation in the hippocampus. We mapped with targeted bisulfite
sequencing the state of methylation of regulatory DNA regions (promoters and enhancers, see
methods) in the hippocampi of mbd2-/- and WT mice at a single-base resolution. A global
methylation analysis revealed that Mbd2 binding regions defined in WT mice by ChIPseq peaks
were hypermethylated in mbd2-/- mice (Fig 4A; p<2.2E-16, K-S test). Hypermethylation in
response to Mbd2 depletion was observed also in a genome-wide scale analysis which
examined DNA outside the regions that bind Mbd2 (p<2.2E-16, K-S test, data not shown). The
fact that changes in DNA methylation occur in regions that don’t bind Mbd2 suggests that loss
of Mbd2 could affect DNA methylation indirectly. Taken together these data suggest that
Mbd2 protects sequences from hypermethylation and maintains them in a demethylated state.
However, loss of Mbd2 affects DNA methylation in both directions. An analysis of the sequence
properties of Mbd2 dependent DNA methylation suggests that Mbd2 deficiency affects low to
intermediate methylated CpGs (10-40% methylation) but highly methylated CpGs (>40%
methylation) are unaffected as expected if Mbd2 function is to prevent hypermethylation.

Partially methylated genes represent a group of genes that are heterogeneously methylated
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and possibly heterogeneously expressed across hippocampal nuclei. Mbd2 might be regulating

the state of methylation of these genes.

We also analyzed differential methylation at single CpG resolution. At this resolution
differential methylation analysis (at least 10% difference) revealed 361 differentially
methylated CpGs, with 151 hypo-methylated CpGs (annotated to 117 genes) and 210 hyper-
methylated CpGs (annotated to 127 genes) (differential methylation data (p<0.001) can be
found at Table S2). This finding also supports a significant overall hypermethylation in Mbd2-/-
mice hippocampus (p=0.0022, binomial test). For pathway analysis, we applied a more lenient
significance cut-off for our data (p<0.001) resulting in 3005 differentially methylated CpGS
(1519 hypo-methylated and 1486 hyper-methylated). Next, we focused the analysis on CpGs
located on promoters (between -1000bp to + 1000bp from TSS). We found 494 hypo-
methylated CpGs located in 460 gene-promoters and 476 hyper-methylated CpGs located in
434 gene promoters (FigdB). Pathway analysis for differentially methylated gene-promoters
revealed adrenergic receptor signaling and sodium- and metal- ion transports as the top three
hyper-methylated pathways (-log10p values: 4.86, 4.16 and 3.42, respectively). In contrast, the
top hypo-methylated pathways were not specifically related to neurons or brain functions,
although neuronal ion channel clustering and positive regulation of sodium ion transport
pathways were enriched (-log10p values: 3.289 and 3.280, respectively) (FigdC-D). Overall, this
analysis suggests an overall enrichment of hyper-methylated genes related to neuronal system

in mbd2-/- mice hippocampi.

To assess the relation between promoter DNA methylation and gene-expression we calculated
a methylation-expression correlation. We found a significant linear inverse correlation between
promoter DNA methylation and gene expression (FigdE), supporting a role for DNA methylation

in gene-repression in the hioppocampus.
Genes whose expression is reduced in mbd2-/- are associated with ASD risk genes

Other MBD proteins were associated with ASD (Zhao, Ueba et al. 2003, Moretti and Zoghbi
2006, Cukier, Lee et al. 2012, Camarena, Cao et al. 2014, Lu, Ash et al. 2016). The presentation
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of cognitive deficits in mbd2-/- mice described above resembles some of the observed
symptoms of ASD. CNVs that were shown to associate with ASD include those that map onto
genomic regions of the Mbd2 gene. We further explored whether differentially expressed genes
due to loss of Mbd2 in the mouse hippocampus are associated with ortholog human “risk
genes”. Comparative analyses of our RNA-seq data with that of two human ASD databases ((De
Rubeis, He et al. 2014)) and SFARI-gene (see methods), found a robust overlap between ASD
risk genes and down-regulated genes in Mbd2 KO mice. Eight (24.24%) out of 33 top loss-of-
function ASD risk-genes (FDR<0.1) and 17 genes (15.88%) out of 107 ASD risk-genes (FDR<0.3)
found by (De Rubeis, He et al. 2014) were down-regulated in mbd2-/- (p=0.0014 and p=0.00095
respectively, FigbA-B and table S3). In contrast, only 1 gene from the 33 gene-list and 5 genes
from the 107 gene-list were up-regulated in mbd2-/- (p=0.942 and p=0.947, respectively). Next,
we compared our RNA-seq results to the SFARI-gene list of ASD-associated genes which
contains all known human genes associated with autism spectrum disorders. Here again, out of
951 human genes associated with ASD, 125 (13.14%) were down-regulated in mbd2-/- (p=8.8E-
13, Figb) while only 44 were up-regulated in mbd2-/- (4.62%, p=0.99, Figb and table S3). These
cross-species comparative analyses suggest that Mbd2 might serve as an up-stream activator to
many ASD-associated genes as has previously been shown for liver, breast and prostate cancer
genes in cancer cell lines (Shukeir, Pakneshan et al. 2006, Stefanska, Suderman et al. 2013,
Cheishvili, Chik et al. 2014) NGFIA in hippocampal cells (Weaver, Hellstrom et al. 2014)and

Foxp3 gene (Wang, Liu et al. 2013) in regulatory T-cells.

Discussion

There is growing evidence for the crucial role of epigenetic mechanisms in neuropsychological
disorders and CNS function. In this study, we explore the role of Mbd2, a methylated-CpG
binding protein, in gene-expression and brain function. Mbd2, like other MBD proteins, serves
as a “reader” of the epigenome (Du, Luu et al. 2015) translating DNA methylation marks into

gene-expression regulation mechanisms. We found that loss of Mbd2 resulted in several forms
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of behavioral deficits: cognitive, social and emotional, implying a rather broad role for this

protein in normal brain function.

Mbd2 regulates gene expression by binding to methylated CpGs in DNA (Berger and Bird 2005).
Mbd2 was previously shown to be involved in both suppression of promoters through
recruitment of transcriptional repressors, activation of promoters in cancer cells and the
hippocampus through recruitment of transcriptional activators (Shukeir, Pakneshan et al. 2006,
Stefanska, Suderman et al. 2013, Cheishvili, Chik et al. 2014, Weaver, Hellstrom et al. 2014)
such as CBP and NGFIA ((Angrisano, Lembo et al. 2006, Stefanska, Suderman et al. 2013,
Weaver, Hellstrom et al. 2014) as well as targeting DNA demethylation (Detich, Theberge et al.
2002, Cui and Irudayaraj 2015)(Stefanska; Detich, Theberge et al. 2002) possibly through
recruitment of demethylating activities such as Tet2 (Wang, Liu et al. 2013) . Since the effects of
Mbd2 deficiency on behavior were broad and relating to hippocampal function (Heyward,
Walton et al. 2012, Mineur, Obayemi et al. 2013, Yang, Zou et al. 2013, Tavares, Mendelsohn et
al. 2015, Heyward, Gilliam et al. 2016) , we used genome wide approaches to define the
landscape of MBd2 binding in normal animals and then determined how its deficiency affects
the landscapes of DNA methylation and gene expression using mbd2-/- mice. Consistent with
an important role in brain function detected by the behavioral assays presented here, pathway
analyses revealed a highly clustered and networked enrichment of genes relating to cognitive
functions and brain development such as trans-synaptic signaling and synapse organization and
behavior. Consistent with previous data we found evidence for the bimodal function of Mbd2.
Mbd2 deficiency resulted in both gene activation and repression as well as hypermethylation
and hypomethylation. Interestingly, the neuronal specific functions seem to be mainly
repressed and hypermethylated by Mbd2 deficiency, suggesting a mostly activating role for
Mbd2 on neuronal specific genes. This is supported by the observation that Mbd2 localizes to

promoters.

To further examine the role of Mbd2 in transcriptional activation/repression, we examined

selected several promoters and enhancers that bind Mbd2 and examined the consequences of
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Mbd2 deficiency on transcription initiation. The majority of the 15 genes examined had reduced
RNApolll-PS5 occupancy and increased H3K4mel coverage of the transcription initiation region

indicating reduced transcription initiation upon Mbd2 deficiency.

Previous studies suggested that MBD2 might be involved in psychiatric disorders (Li, Yamagata
et al. 2005, Xie, Yu et al. 2014, Dong, Ruzicka et al. 2015), our data offers a possible mechanism.
Interestingly, several of the genes that we found here to be Mbd2 dependent were associated
with ASD in GWAS studies. Indeed, there is a significant enrichment of ASD associated genes in
the list of genes that are repressed by Mbd2 deficiency. The behavioral phenotypes that we
characterize here for Mbd2 deficient mice are also seen in people with ASD. Our data points to

a potential role for Mbd2 in ASD.

MBD proteins are generally considered to have a repressive role on gene-expression by
interacting with chromatin modification inactivating complexes (Nan, Cross et al. 1998).
Therefore, it is somewhat surprising that we found an overall repressive effect on neuronal
specific genes upon mbd2-/- deficiency. However, more recent evidence suggest other MBD
proteins are also involved in gene-expression in more than one way. For example, hypothalamic
MeCP2 dysfunction led to robust changes in gene-expression with 85% of the genes to be
activated by MECP2, possibly mediated by interaction of the transcriptional activator CREB1
and MECP2 in binding gene promoters and regulatory regions (Chahrour, Jung et al. 2008).
Similarly, others have showed that in regulatory T-cells (Treg) MeCP2 promotes the expression
of Fopx3, a key regulator of Treg function, by collaborating with CREB1 (Li, Jiang et al. 2014).
Neuronal MBD1 was also found to have a mixed effect on gene-expression in the hippocampus
with more than half of the genes down-regulated in Mbd1-/- mice, many of them associated

with neurogenesis (Jobe, Gao et al. 2017).

Taken together, our findings are in line with evidence from other studies showing the
importance of MBD proteins in neuropsychological disorders. Our findings provide evidence

that Mbd2 is a regulator of neuronal gene-expression, brain physiology and behavior.
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Figure Legends

Figure 1. Behavioral analysis of mbd2-/- mice A. Locomotion in Open-field box was assessed for
5 min. n=12-14/group. B. Exploration time during object-location memory training (left) and
discrimination ratio in object-location memory test (right). n=11-13/group. C. Social interaction,
mice were introduced to a novel mouse for 5 min and interaction time was recorded. n=12-
17/group. D. Time in the light compartment of the Dark-Light Box (left) and number of entries
to the light side (right). n=7-8/group. E.Y-maze spontaneous alteration were not affected by
MBD2-/- (right), exploration is expressed as number of arm entries (left). n=13-17/group.

*p<0.05, **p<0.01.

Figure 2. A. Histogram of MBD2 binding peaks around Transcription start sites (TSS, left) and
position of peaks Vis-a Vis distance to TSS and their peak fold enrichment (right). B. HOMER-
based De-novo motif discovery found E2F7 consensus binding site as highly enriched in MBD2
binding peaks. C. Heatmap of the overlap between MBD2 peaks and the following histone
marks in the hippocampus: H3K4mel, H3K4me3, H3k2me3, H3K27ac, H39Kme3, H3K36me3
and H4K20mel. D. Analysis of the number of M2 peaks located on histone marks. E. Co-
occupancy enrichment analysis of Mbd2 and histone mark. F. Pathway analysis enrichment of
Mbd2 binding peaks G. Q-chip validation of Mbd2 peaks (n=3/group) p<0.001. H. RNApol2
(ser5) and H3K4mel I. Q-ChlIP for peaks Mbd2 (n=5-6 pool of mice analyzed by
triplicate/group). *p<0.05, ***p<0.001.
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Figure 3. A. An unsupervised clustered heatmap of differentially expressed genes in mbd2-/-
and mbd2+/+ mice. B-E. Pathway analysis enrichment (B, D) and gene-network (C, E) of genes
down-regulated (B, C) and up-regulated (D, E) genes. F. unsupervised clustering of gene
pathways of Mbd2 binding and differentially expressed genes. G. Circus plot depicting the
relation between gene represented in CHIP-seq and RNA-Seq experiments, showing stronger
connection between Mbd2 peaks and down-regulated genes in comparison with up-regulated

genes.

Figure 4. A. A cumulative distribution of methylated levels of regulatory DNA regions bound by
MBD2 demonstrating a global hyper-methylation in MBD2 KO hippocampus. B. A table
summarizing the number of differentially methylated CpGs and genes under the different
analytical conditions. C-D. Pathway analysis of hypo- (C) and hyper- (D) methylated gene
promoters. E. Correlation between differential promoter DNA-methylation and gene-expression

in mbd2-/- hippocampi.

Figure 5. An overlap analysis revealed a significant intersection between human ASD high risk
genes (Loss of Function; FDR<0.1) and down-regulated (Top) but not up-regulated (Bottom)
genes in mbd2-/- hippocampi. B. Similar results were obtained for the expanded ASD risk gene

list (Loss of Function; FDR<0.3) and down-regulated (Top) but not up-regulated (Bottom) genes.

Figure 6. An overlap analysis revealed a significant intersection between human ASD high risk
genes based on the SFARI Gene project and down-regulated (Top) but not up-regulated

(Bottom) genes.

Figure S1. Average speed (left), entries to center (middle) and time near walls (right) in the

open-field box tests. p>0.05 in all cases.
Figure S2. Top E2F De-novo motif discovery sequences found in HOMER analysis.

Figure S3. Gene-network analysis of Mbd2 binding peaks.
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Figure S4. A. A snip from genome browser showing RNA-seq read alignments for the first 3
exons of the MBD2 gene. mbd2-/- mice show expression of the first exon only, as expected by
the design of this mouse line. B. QPCR of 9 neuronal genes (Grin2b, Dclk2, Chll, Apba2, Kcnd2,
Clstn1, Gria3a, Jarid2, Grial) shows reduced expression in mbd2-/- mice in agreement with the

RNA-Seq (n=5-9/group; *p<0.05).
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