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Neurobiology of Disease

Neuronal Kmt2a/MIl1 Histone Methyltransferase Is Essential
for Prefrontal Synaptic Plasticity and Working Memory
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Neuronal histone H3-lysine 4 methylation landscapes are defined by sharp peaks at gene promoters and other cis-regulatory sequences,
but molecular and cellular phenotypes after neuron-specific deletion of H3K4 methyl-regulators remain largely unexplored. We report
that neuronal ablation of the H3K4-specific methyltransferase, Kmt2a/Mixed-lineage leukemia 1 (MIl1),in mouse postnatal forebrain and
adult prefrontal cortex (PFC) is associated with increased anxiety and robust cognitive deficits without locomotor dysfunction. In
contrast, only mild behavioral phenotypes were observed after ablation of the MIlI ortholog Kmt2b/MII2 in PFC. Impaired working
memory after Kmt2a/MIII ablation in PFC neurons was associated with loss of training-induced transient waves of Arc immediate early
gene expression critical for synaptic plasticity. Medial prefrontal layer V pyramidal neurons, a major output relay of the cortex, demon-
strated severely impaired synaptic facilitation and temporal summation, two forms of short-term plasticity essential for working mem-
ory. Chromatin immunoprecipitation followed by deep sequencing in Mil1-deficient cortical neurons revealed downregulated expression
and loss of the transcriptional mark, trimethyl-H3K4, at <50 loci, including the homeodomain transcription factor Meis2. Small RNA-
mediated Meis2 knockdown in PFC was associated with working memory defects similar to those elicited by MIII deletion. Therefore,
mature prefrontal neurons critically depend on maintenance of MllI-regulated H3K4 methylation at a subset of genes with an essential

role in cognition and emotion.
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Introduction

Neuronal health and function critically depends on proper regu-
lation of the epigenome, with various DNA methyl-cytosine
derivatives and a large number of post-translational histone
modifications (Houston et al.,, 2013; Fischer, 2014; Lopez-
Atalaya and Barco, 2014; Schoch and Abel, 2014). For example,
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methylation of histone H3-lysine 4, including the trimethylated
form (H3K4me3)—sharply enriched at gene-proximal promot-
ers and transcription start sites (TSS; Guenther et al., 2007; Bar-
rera et al., 2008)—is highly regulated throughout all periods of
development and aging in the human and nonhuman primate
cerebral cortex (Cheungetal., 2010; Han etal., 2012), and altered
in a locus-specific manner in cortical neurons of subjects diag-
nosed with neuropsychiatric (Huang et al., 2007; Shulha et al.,
2012) or neurodegenerative (Bai et al., 2015) disease. Further-
more, mutations in at least six human genes encoding H3K4-
specific demethylases or methyltransferases (KDM5A, KDM5C,
KMT2A, KMT2C, KMT2D, and KMT2F) have been linked to
various neurodevelopmental disorders and syndromes (Shen et
al., 2014; Takata et al., 2014). It is surprising, however, that only
very little is known about the role of these disease-relevant regu-
lators of H3K4 methylation in mature cortical neurons, with
many of the mouse models studied to date confined to mutagen-
esis in the germline (Kim et al., 2007; Gupta et al., 2010), or the
developing early postnatal brain and adult hippocampus (Keri-
moglu et al.,, 2013), or focused on transient knockdown in sub-
cortical structures (Aguilar-Valles et al., 2014).
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Here, we show that Kint2a methyltransferase, also known as M1, is
an essential regulator of complex behaviors, by preserving—in neurons
of the adult PEC—proper levels of H3K4me3 at a small, but critical,
subset of gene promoters important for cognition and emotion.
Our study includes a very deep and integrative analysis, with
neuron-specific MII1 ablations and small RNA-mediated knock-
down assays of MIII target genes at different developmental
stages (including adult). These are complemented by cell type-
specific genome-scale mapping of H3K4me3 landscapes at single
base pair resolution in conjunction with transcriptome anal-
ysis, slice recordings of prefrontal projection neurons, and a
range of behavioral assays with information about PFC-
regulated cognition and emotion, including working memory
and anxiety.

Materials and Methods

Animals

All animal experiments were approved by the Animal Use and Care
committee of the participating institutions. Mice were kept under spe-
cific pathogen-free constant conditions (21 * 1°C; 60% humidity) and
mice of both sexes were used for the experiments, with each mutant
mouse matched to a control mouse of the same gender. Food and water
was supplied ad libitum in an animal facility with a regular 12 h light/dark
cycle (light on at 7:00 A.M.). All experiments were in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the
participating institutions.

Cell- and region-specific mutagenesis

All mouse lines had been backcrossed to the C57BL/6] background for at
least eight generations before this study. Conditional deletion of MIlI was
obtained by breeding a previously described MI117*?%* allele (Jude et
al., 2007) with a CaMKIla-Cre (CamK-Cre) transgenic line that recom-
bines in forebrain neurons starting at the time of birth, resulting in wide-
spread Cre-mediated deletion in the forebrain before P18 (Akbarian et
al., 2002). In addition, an independent set of adult MIl1 2lox/2lox pyice and
previously described MII2?/?/*% animals (Glaser et al., 2009; Kerimoglu
etal.,, 2013), were subjected to Cre-mediated deletion in the rostromedial
cortex, as described in the following paragraph.

Stereotactic delivery of adeno-associated virus, serotype 8 (AAV) for
expression of a CreGFP fusion protein under control of the neuron-
specific SYNAPSINI promoter, or of Accell siRNAs (DPharmacon; Na-
kajima et al., 2012), was done as follows: mice were anesthetized with a
ketamine/xylazine mixture (100 and 15 mg/kg, i.p.; Sigma-Aldrich) and
1 ul of virus for each hemisphere (~4.7 X 10° genomic copies) or siRNA
(2 pg/pl in delivery medium; GE Healthcare) was injected at a rate of
0.25 pl/min using a Hamilton syringe, a micro pump, and stereotactic
frame (Stoelting). Coordinates for injection were as follows: +1.5 mm
anterior/posterior, £0.4 mm medial/lateral, and —1.5 mm dorsal/ven-
tral. All experiments were performed at least 3—4 weeks (AAV-Cre) or3d
(siRNA) after surgery.

Behavioral studies
Spatial working memory
T-maze. The maze consisted of three equally sized arms (30 X 10 cm, 30
cm high) made from white plastic: one start arm leading in a 90° angle to
the two target arms (opposing each other). All arms were equipped with
sliding doors. During the test mice were first confined in the start arm.
Once the door of this arm was opened the mouse was allowed to choose
one of the target arms. The door of the opposing target arm was closed
until the mouse returned to the start arm. The protocol was repeated
until the mouse had made 15 choices. To analyze the working memory
performance, the animal’s alternations between the target arms were
calculated as the percentage of the total number of possible (ad maxi-
mum) alternations (i.e., 14) for each mouse. The test was administered
daily for a period of 4 d.

Eight-arm radial maze. The apparatus consisted of eight arms (7.5 X
35 cm, 17.5 cm high walls), which were assembled in a radial manner
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around a circular starting platform. Mice were placed onto the starting
platform and were free to enter the arms. The test was continued until all
eight arms had been visited once. Each repeat entry in an arm previously
visited is counted as a “mistake.”

Anxiety

Light—dark box. An open field apparatus as described below and with the
same illumination was used for this test. Additionally, a black plastic box
(10 X 10 cm, 25 cm high) was introduced into the apparatus. The box
was equipped with a black plastic lid and had an opening on the bottom
(5 cm diameter) to allow the mouse to enter into the surrounding arena.
Mice were placed into the black box, the lid was closed, and mice were
allowed to move freely in the entire apparatus for 10 min. Behavior was
video recorded. The latency to enter into the light compartment for the
first time and transitions between the two compartments were analyzed
by a trained observer.

Open field. The apparatus consisted of a white Plexiglas box (40 X 40
cm, 40 cm high), illuminated with bright white light (350 lux). Mice were
placed individually into the box for 15 min. Time spent in an imaginary
center square of the open field (15 X 15 cm) was recorded using the
video-based EthoVision tracking system (Noldus).

Nest-building behavior. Mice received a fresh nestlet (Ancare) and a
new standard housing cage with fresh bedding 1 h before the beginning of
the dark phase. Nest status was assessed at the end of the dark phase.
Nests were scored according to categories similar to a previously de-
scribed protocol (Deacon, 2006): untouched nestlet (0 points), partially
shredded nestlet (1 point), shredded nestlet with beginning of a nest-like
structure (2 points), full cup-like nest (3 points), and round enclosure (4
points).

Motor skills/rotarod. Rotarod (Ugo Basile) was used to measure motor
coordination in mice. The rotarod was set up with a slow acceleration
mode, in which the rotation speed is accelerated from 2 to 40 rpm in 5
min. Mice were subjected to 10 consecutive 5 min trials with a 5 min
intertrial interval. Twenty-four hours later, mice were retested for three
consecutive trials (at 5 min intervals), and locomotor coordination per-
formance was defined as the mean latency to fall off.

Electrophysiology

Detailed methods for slice preparation and electrophysiological record-
ings were described previously (Xu et al., 2009). Whole-cell patch-clamp
recordings were performed on individual layer V pyramidal neurons
under infrared differential interference contrast microscopy using an
Axoclamp 2B or a Multiclamp 700B amplifier (Molecular Devices). Py-
ramidal neurons were identified by their morphology. When necessary,
presynaptic stimuli (200 ws) were delivered with a concentric bipolar
electrode (FHC) placed at layer II/IIL. All recordings were done at 32°C
with a temperature controller (Warner Instruments). For voltage-clamp
experiments, cells were held at —60 mV, unless specified otherwise. For
pair-pulse ratio (PPR) measurements, a pair of EPSCs was evoked by a
pair of pulses (0.033 Hz) with varying interstimulus intervals (ISIs). Re-
sponses from 5 to 7 pairs of the same ISI were averaged to obtain the PPR
at the ISI. For mEPSCs, tetrodotoxin (1 wMm; Sigma-Aldrich) and AP-5
(50 pum; Abcam Biochemicals) were added to block voltage-gated sodium
channels and NMDA receptors, respectively. For current-clamp experi-
ments, presynaptically evoked EPSPs were recorded from neurons at
their native resting potentials. For temporal synaptic summation assays,
a train of 15 pulses with varying frequencies was delivered every 1 min.
Responses from 3 to 5 train stimulations of the same frequency were
averaged to calculate the summation for the frequency. For synaptic
augmentation and post-tetanus potential (PTP) assays, a pulse train of
0.5 Hz, with 10 Hz 15 pulse tetanus replacing the sixth pulse, was deliv-
ered every 5 min.

Immunoblotting and histology

Frontal cortices were directly homogenized in 500 ul 0.025 M Tris-HCI,
pH 7.5, supplemented with protease inhibitor cocktail (Roche) using a
rotor stator (Qiagen). All homogenates were lysed in RIPA buffer for 30
min at 4°C. Samples were boiled in Laemmli buffer under denaturizing
conditions, under addition of SDS and B-mercaptoethanol, for 10 min at
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100°C. Samples were run on 4—-20% Tris HCI gradient gels and blotted
onto nitrocellulose membranes. The following antibodies were used:
mouse monoclonal anti-MIl1 N terminus (1:1000; Millipore or 1:1000;
Bethyl Laboratories) and mouse monoclonal anti-B-actin (1:20,000;
Sigma-Aldrich). Appropriate HRP-conjugated secondary antibodies
(Invitrogen/Life Technologies) were used and signals developed with
chemiluminescence reagents (Pierce) and captured on x-ray film
(Kodak). Labeled bands were densitometrically analyzed using the soft-
ware Quantity One (Bio-Rad). For immunohistochemistry, MIII mutant
and control mice were killed and their brains were collected and rapidly
frozen over dry ice and stored at —80°C. Sagittal sections (20 wm) were
cut on a Leica cryostat and thaw mounted onto slides. Sections were
incubated with Alexa Fluor 555-conjugated primary antibodies against
NeuN (1:1000; EMD Millipore). Sections were coverslipped using
Vectashield mounting media with DAPI (Vector Laboratories). Images
were taken using a Zeiss confocal microscope. For Nissl staining, MIl1
mutant and control mouse brain sections were dehydrated in ethanol,
rehydrated, and stained in 0.1% crystal violet acetate for 10 min. Sections
were then rinsed in distilled water, then in 70 and 95% ethanol, followed
by incubation in chloroform for 20 min and differentiation in 95% eth-
anol with acetic acid. Finally, sections were rinsed with 100% ethanol,
then cleared in 100% xylene and overslipped with xylene-based mount-
ing media.

Genomics

Transcriptome profiling. RNA from the rostromedial portion of the fron-
tal cortex of 10- to 12-week-old conditional CamK-Cre MIII mutant and
control mice, including the prelimbic and cingulate areas, was isolated
using an RNeasy Lipid Tissue kit (Qiagen) in conjunction with column
DNase I (Qiagen) treatment to remove contaminating DNA. RNA integ-
rity was assessed by chip-based capillary electrophoreses using the RNA
6000 Nano Chip on the Bioanalyzer (Agilent Technologies). Only sam-
ples with an RIN > 9 were included in the study and transcribed into
single-stranded cDNA using the Ambion WT Expression Kit (Life tech-
nologies). Samples were hybridized onto one GeneChip Mouse Gene 1.0
ST Array (Affymetrix), each, using a hybridization mix [100 mm MES,
1M (Na™t), 20 mm EDTA, 0.01% Tween 20; containing 1 ul of BSA (50
mg/ml) and 1 ul of 10 mg/ml Herring Sperm DNA per 100 ul] for 16 h.
Chips underwent multiple rounds of automated washing, were stained,
and finally scanned with the Affymetrix GeneChip Scanner 3000 7G.
Quality of microarray data was assessed using the Bioconductor package,
array Quality Metrics (Kauffmann et al., 2009). Microarray data were
then uploaded to the Microarray Computational Environment 2.0
(MACE), which employs Robust Multi-array Average to preprocess raw
oligonucleotide microarray data. The preprocessed data were stored as
base 2 log transformed real signal numbers and used for fold-change
calculations and statistical tests. Mean signal values and SDs were first
computed for each gene across samples and the fold change (FC) of
expression of a gene between treatment groups was calculated by
taking the ratio of these mean signal values. To determine differential
expression of genes MACE internally conducts a Student’s ¢ test with
the expression signal values of the two hybridizations for all genes in
the set. Parameters for significance were either FC= 1.5 (p = 0.05) or
FC = 1.2 (p =0.05). The pool of genes with FC = 1.2 (p = 0.05) was
used to generate a heat map and to perform single-linkage clustering
analysis.

Nuclei sorting and ChIP-seq. For fluorescence-activated nuclei sorting,
nuclei were extracted from cerebral cortex in hypotonic lysis solution,
purified by centrifugation, and then resuspended in 1 ml PBS containing
0.72% normal goat serum, 0.036% BSA, 1:1200 anti-NeuN (monoclonal
mouse; Millipore), and 1:1400 Alexa Fluor 488 goat anti-mouse second-
ary antibody (Invitrogen/Life Technologies). Samples were incubated for
atleast 45 min by rotating in the dark at 4°C. A small fraction of the nuclei
was used to control for background from the secondary antibody (i.e.,
unstained control where anti-NeuN was omitted). Sorting was done on a
FACSVantage SE flow cytometer. Nuclei were pelleted and then diluted
in MNase digestion/nuclei permeabilization buffer (10 mm Tris, pH 7.5;
4 mm MgCl% and 1 mm Ca?™).
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To prepare the chromatin for chromatin immunoprecipitation
(ChIP), samples were prewarmed to 37°C for 2 min, MNase (4 ul of 0.4
U/ul) was added, and the samples were incubated for 5 min at 37°C to
obtain mononucleosomal DNA. Reaction was stopped with 0.5 M EDTA,
pH 8. Nuclei were swollen to release chromatin after addition of hypo-
tonization buffer (0.2 mm EDTA, pH 8, containing PMSF, DTT, and
benzamidine). After samples were precleared with protein G agarose
slurry, anti H3K4me3 antibody (rabbit polyclonal; Millipore) and ChIP
dilution buffer (50 mm EDTA, 200 mm Tris, and 500 mm NaCl) were
added and samples incubated for 16 h at 4°C under rotation. Then, the
DNA-protein-antibody complexes were captured with protein G agarose
slurry under rotation. Agarose beads were washed several times (low-salt
buffer, high-salt buffer, lithium chloride, and TE buffer as described;
Matevossian and Akbarian, 2008). Complexes were eluted from the
beads, and proteins digested with Proteinase K. DNA was purified by
phenol-chloroform extraction.

ChIP DNA was end repaired (End-it DNA Repair kit; Epicentre) and A
tailed (Klenow Exo-minus; Epicentre). Adaptors (Genomic Adaptor
Oligo Mix; Illumina) were ligated to the ChIP-DNA (Fast-Link kit; Epi-
centre) and libraries were then PCR amplified and PCR products were gel
extracted. The region of 200-300 bps was cut out of the gel, containing a
library of expected size, consisting of the 150 bp mononucleosomal
ChIP-DNA plus 100 bp adaptors. Between each step the samples were
cleaned with column-based PCR purification kits (Qiagen). Libraries
were run on a Bioanalyzer to determine concentration and size distribu-
tion of the library. Libraries were sequenced with the Genome Analyzer I
(IMumina). All sequencing libraries contained single-end 36 bp raw reads
and were mapped to the July 2007 assembly of the mouse genome (UCSC
version mm9, NCBI37) using Bowtie (version 0.12.8; Langmead et al.,
2009), thereby keeping for further analyses only reads that mapped
uniquely to the genome with at most two mismatches at the first 36 bases.
A total of four Camk-Cre™, MIIT"**/°* and four age-matched postwean-
ling and young adult gender-matched (2M/2F) controls (Camk-Cre™,
Mijxf l"x) were used for H3K4me3 ChIP-seq, using sorted cortical
NeuN * nuclei as input material. The number of unique reads (mean +
SEM, control 1671 X 10®  0.191 X 10% mutant 1254 X 10® = 0.270 X
10®) and the unique sequence alignment fraction (mm9 genome, control
97.63 * 0.46%; mutant 97.62 = 0.32%) were very similar between geno-
type, without significant differences.

Since the binding of H3K4me3 has far wider distribution than that of
transcription factors, we ensured maximum sequencing depth by pool-
ing the reads for analysis. To this end, we called peaks from pooled reads
(four wild-type H3K4me3 datasets were pooled for wild-type condition
and four MIlI mutant H3K4me3 datasets were pooled for MI/I mutant
condition). The number of uniquely mapped reads in H3K4me3 was 60.8
million for four pooled wild-type mouse ChIP-seq datasets and 50.1
million for four pooled MIlI mutant mouse datasets. Peaks significantly
enriched for ChIP-seq reads were identified by using model-based anal-
ysis for ChIP-seq (Zhang et al., 2008; version 2.0.10.20120913) with de-
fault settings except: —no model —shiftsize = 110 with an FDR
significance threshold of 0.01 —qvalue = le-2. Distribution of enrich-
ment peaks in the distal promoters (>10 kb from a transcription start
site, or TSS) and proximal promoters (up to +5 kb from TSS) was cal-
culated. All histone ChIP-seq data were normalized using the MAnorm:
a robust model for quantitative comparison of ChIP-seq datasets (Shao
etal., 2012), which allows for quantitative comparison between wild-type
and knock-out-specific ChIP-seq peaks. Basically, “MAnorm” normal-
ization (Shao et al., 2012) first assumes that the true intensities of most
common peaks are the same between two ChIP-seq samples. This as-
sumption is valid when the binding regions represented by the common
peaks show a much higher level of colocalization between samples than
that expected at random, and thus binding at the common peaks should
be determined by similar mechanisms and exhibit similar global binding
intensity between samples. Second, the observed differences in sequence
read density in common peaks are presumed to reflect the scaling rela-
tionship of ChIP-seq signals between two samples, which can thus be
applied to all peaks. Based on these hypotheses, the log2 ratio of read
density between two samples M = log2 (read density in MIlI mutant
sample/read density in wild-type sample) was plotted against the average
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log2 read density A = 0.5 X log2 (read density in MIII mutant sample X
read density in wild-type sample) for all peaks to identify and categorize
MIIT mutant-specific, wild-type-specific, and common peaks. Identified
peaks were then mapped to the nearest Refseq annotated genes (Pruitt et
al., 2012) for downstream analyses. P values were calculated for each peak
to describe the statistical significance of read-intensity difference be-
tween samples being compared based on a Bayesian model (Audic and
Claverie, 1997).

RNA quantification

RNA was transcribed into cDNA using SuperScript III (Invitrogen) and
random hexamer primers. cDNA was thereafter amplified on a Roche
2.0, 96 or 480 light cycler using SYBR Green PCR Master Mix kits (Qia-
gen/Roche). Primer pairs were designed using Primer Blast, Primer Ex-
press, or Primer 3. Data were normalized by housekeeping transcript
hypoxanthine-guanine phosphoribosyltransferase (Hprt) and/or 18s as en-
dogenous reference. The following primers were used: MIII deletion
primer (forward) Fwd 5'-TAA TCCTAGCCGTTAGGCCG-3' and (re-
verse) Rev 5'-TTGGGGCAGGTTTGGGTTAG-3', MII2 primer Fwd 5'-
TGCAAAGTGTGCCAATCGTG-3' and Rev 5'-GACAGCGGTGAC
AGAGTGAA-3', M2 deletion primer Fwd 5'-CATCTTCCCTG
ACCCACCAC-3" and Rev 5'-CTCCCCTGA GGTAGGTGTGA-3', MlI3
Fwd 5'-CAAAGAACAATCTGTGGAAGAGGA-3" and Rev 5'-TG-
GCTTCTACGCCAACAGAG-3', Meis2 Fwd 5'-TTGGCGGACAGG
TTATGGAC-3" and Rev 5'-TGCGTGTGTTTCCTTCTTCCT-3', Satb2
Fwd 5'-CAAGAGTGGCAT TCAACCGC-3' and Rev 5'-ACGCAGTC-
CTGGGATCTTCT-3', Arc Fwd 5'-CCCAGC AGT GATTCATACCA
GT-3' and Rev 5'-ACCCATGTAGGCAGCTTCAG-3', Hprt Fwd 5'-G
TT CTTTGCTGACCTGCTGGA-3" and 5'-TCCCCCGTTGACTG
ATCATT-3', and 18s Fwd 5-CATGGCCGTTCTTAGTTGGT-3" and
Rev 5'-GAACGCCACTTGTCCCTCTA-3'. Hprt and 18s transcripts
were used for normalization. For graphical presentation and statistical
analysis, the mRNA level for each sample was expressed as percentage of
the mean value of the respective control group.

ChIP-PCR

Mouse cortex samples were directly dounced in 500 ul MNase digestion/
nuclei permeabilization buffer (10 mm Tris, pH 7.5; 4 mm MgCIZ; and
1 mm Ca®"). Homogenates were then prewarmed to 37°C for 2 min,
MNase (7 ul of 0.4 U/ul) was added, and the samples were incubated for
an additional 10 min at 37°C. Samples were incubated in 5 ml hypoton-
ization buffer for 1 h with intermittent vortexing. Cell debris was re-
moved by centrifugation (3000 rpm, at 4°C for 10 min) in a swing bucket
centrifuge. Then 1600 wl of the supernatant was used for each ChIP
reaction, supplemented with ChIP dilution buffer (50 mm EDTA, 200
mM Tris, and 500 mm NaCl), and 3 ul of one of the following polyclonal
rabbit antibodies: anti H3K4mel antibody (Abcam), anti H3K27ac an-
tibody (Cell Signaling Technology), and anti H3K27me3 (Millipore).
After incubation for 16 h under rotation, the DNA-protein-antibody
complexes were captured with protein G magnetic beads (Millipore) for
2 h under rotation. Beads were washed once each with low-salt buffer,
high-salt buffer, lithium chloride, and TE buffer. DNA-protein-antibody
complexes were eluted at 65°C for 30 min under shaking at 1400 rpm,
proteins were digested with proteinase K for 3 h, and ChIP-DNA was
eluted using a QIAquick PCR purification kit (Qiagen). DNA from 200
ul of each input sample was extracted in parallel. For quantification by
qPCR ChIP-DNA was diluted 1:5 and input DNA was diluted 1:20 with
elution buffer (Qiagen). PCRs (10 ul final volume) were performed using
QuantiFast SYBR Green PCR Master Mix, specific primers at a final
concentration of 1.5 uM, and 2 ul of ChIP-DNA or input per reaction on
a LightCycler 2.0 (Roche Diagnostics). PCRs were run in duplicates. Ct
values for the target H3K4me3-enriched sequences of Meis2 (Fwd 5'-
CGAGAGCAGCATTCAGGGAA-3" and Rev 5'-ACTCCACTT CTCCC
TGGGTT-3' to amplify mm9 chromosome 2, base pair 115,889,618 —
115,889,483, in close proximity to the transcription start site of Meis2,
chr2 bp 115,890,794) and H3K4mel-enriched sequences (Fwd 5'-
CTCAGGCGGTATAAGCAGCA-3" and Rev 5'-TGGAGAGCCTGCG
TAAATCC-3 to amplify mm9 chromosome 2, base pair 115,835,108 —
115,834,987) were normalized by the housekeeping gene B2m (Fwd 5'-
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GGGAAA GTCCCTTTGTAACCT-3' and Rev 5'-GCGCGCGCTC
TTATATAGTT-3') and by the input Ct value. Expression levels are
presented relative to the wild-type levels set to 1.

All behavioral, molecular, and electrophysiological data were ex-
pressed as mean = SEM and significance of group differences evaluated
by t test or, when indicated, by ANOVA.

Results

A Camk2a-Cre transgene was bred into a line of mice carrying a
conditional MIII allele, with loxP sites flanking exons 3 and 4
(Jude et al., 2007). MIl1 encodes a large, up to 3966 aa protein,
which is processed by post-translational cleavage into multiple
smaller fragments. Among these, an N-terminal ~320 kDa frag-
ment and a C-terminal ~180 kDa fragment subsequently reas-
semble into a catalytically active postcleavage complex (Hsieh et
al., 2003). Immunoblotting of nuclear versus cytoplasm (non-
nuclear) confirmed that the protein is enriched in the cell nucleus
(Fig. 1A). Furthermore, Camk-Cre™, MII1?2% mice showed a
strong reduction of the ~320 kDa N-MLL1 immunoreactivity in
adult mutant cortex, and to some extent also in P8 cortex (Fig.
1A). These findings from conditional mutant brain are consistent
with the previously observed loss of nuclear MLL1 protein in
hematopoietic cells after exon 3 and 4 deletions (Jude et al.,
2007). In addition, Camk-Cre" conditional mutants showed
strong reduction of cortical MIII RNA when measured with exon
3 + 4 spanning primers (N = 4/group, p < 0.05; ) = 3.322,p <
0.05), while maintaining normal levels of expression for two re-
lated genes, MII2 and MII3 (Fig. 1A). However, cytoarchitecture
and gross brain morphology was normal in Camk-Cre™ condi-
tional mutants (Fig. 1A), which showed a mild (~10%) reduc-
tion in brain weight at postnatal month 3 (mutants 379 *= 2,
controls 425 * 3 mg, t,5, = 12.53; p < 0.001).

Given that H3K4 methylation landscapes in the neurons of
human PFC are frequently dysregulated in cognitive and neuro-
developmental disease (Huang et al., 2007; Shulha et al., 2012;
Shen et al., 2014), we wanted to find out whether conditional
MII1 deletion in the forebrain would compromise behaviors that
are sensitive to PFC dysfunction, including spatial working memory
(SWM) and anxiety (Dalley et al., 2004; Bi et al., 2013; O’Neill et al.,
2013). For each behavioral test, we compared Camk2aCre™, M1/
flox conditional mutants to Camk2aCre™, MIT"*°* controls
(N = 8-10 mice/genotype). We probed SWM in two different
maze systems (T-maze and eight-arm radial maze). Young adult
(10- to 12-week-old) conditional mutants showed severe SWM
deficits compared with controls, as evidenced by an ~2-fold de-
crease in spontaneous T-maze alternations (t,5) = 8.067, p <
0.001) and ~3-fold increase in repeat entries (“errors”) in the
radial maze (;5, = 5.999, p < 0.001; Fig. 1B). The Camk2aCre ",
MIIP*% mice showed elevated levels of anxiety, with increased
aversion to the bright compartment in the light—dark box test
(latency first entry, t,4) = 2.326, p < 0.05; crossings t,4) = 4.448,
p < 0.001) and decreased entries ( post hoc after two-way mixed
ANOVA; F(| 1) = 15.83, p < 0.001) and reduced time spent in
the (anxiogenic) center of the open field test (F; 4y = 41.5,p <
0.001; Fig. 1B). Furthermore, mutant nest building was impaired
(t) = 3.656, p < 0.05; Fig. 1B), a phenotype often encountered
in mice with defective cognition or social behaviors (Moretti et al.,
2005; Udagawa et al., 2013). However, locomotor coordination,
measured by rotarod assay, was very similar between mutant and
controls (Fig. 1B), which speaks against a generalized neurological
dysfunction after conditional MIII deletion in forebrain neurons.

To explore the molecular alterations underlying impaired
cognition and increased anxiety in Camk-Cre™ MIII?'*/?"** mice,
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Figure1.  Neuron-specific MII7 deletion in forebrain (4; left) MLL1 protein including taspase autocleavage site and additional functional domains, position of loxP ( flox) sites flanking exons 3 and
4for conditional deletion, and PCR-based genotype screen. Middle, RT-PCR-based quantification of MiI7, MII2, and MII3 methyltransferase genes in Camk2a-Cre™, MIlT™™* and Camk2a-Cr~,
MilT™/%ox cortex. Right, Immunoblots for MLL1 N-terminal fragment from adult and P8 lysates control and conditional mutant cortex. Note nuclear entichment of 250 kDa MLL1 protein in wild-type,
and loss of 250 kDa band in adult mutant. Niss| stainings of sagittal section of conditional mutant and control brains reveal no gross alterations. Scale bar, 1 mm. B, Behavioral alterations in
Camk2a-Cre™, MIT™%% mice (left to right): T-maze and radial maze to assay working memory, averaged across 4 days of testing. Note below chance-level alternations (T-maze) and increased
repeat entries (“mistakes”) in radial maze in mutants. Light— dark box to measure anxiety, showing latencies to first enter into light compartment and N of crossings into light compartment over 10
min period. Open field assay, showing time spent in anxiogenic imaginary center square during a 15 min test period. Nest building scores were significantly impaired in Camk2a-Cre ™, Mif170¥x
mice. Representative images of nests made by control animal and mutant during the full extent of one dark phase. Rotarod locomotor coordination during day 1 with sequential increases in rotation
speed, and day 2 retest at highest speed (40 rpm). €, Neuronal epigenome and transcriptome alterations after conditional MII7 gene deletion. Left, Microarray-based transcriptome assessment on
prefrontal tissue homogenate. Heat map from microarray of Ml/7-deficient mice and wild-type littermates (N = 4/group); red to green gradient depicting =2-fold increase—=2-fold decrease.
Bar graph shows enrichment for neuronal categories in Gene Ontology (GO) “Cellular Component” tree. Right, Sorted cortical neuronal nuclei tagged with NeuN + antibody, for H3K4me3 ChIP-seq.
Representative fluorescence distribution shown for 1000 sorting events. Notice complete separation of NeuN ™ and NeuN ~ nuclei. Cortical and hippocampal sections show normal NeuN
immunohistochemistry in conditional mutant. D, Venn diagram representing all annotated TSS with significantly decreased (red) or increased (green) H3k4me3 signal in Camk2a-Cre™, Mif770¥x
cortical neurons, compared with control. Note overwhelming portion (99%) of H3K4me3 peak changes in mutant neurons are downward. Overlap with Mil7-sensitive transcriptome includes 31
genes with decreases in H3K4me3 at TSS and of the corresponding transcript. Genome browser tracks for H3K4me3 landscapes in cortical neurons, 40 kb windows (Figure legend continues.)
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we profiled transcriptomes from the adult rostromedial cortex
using Affymetrix Mouse Gene 1.0 ST microarrays. Altogether,
1092 probesets from 1022 genes showed altered expression in 4/4
mutants (>1.2-fold difference to controls, FDR-corrected p <
0.05; Fig. 1C). In the pool of 1022 genes, an equal number of
genes was either upregulated or downregulated, and there was a
strong neuronal footprint with significant enrichment for many
synapse-, axon-, and membrane-associated categories (FDR cor-
rected p < 0.05; Fig. 1C). Such broad changes in the cortical
transcriptome, together with the aforementioned behavioral
phenotypes, could indicate profound neuronal dysfunction in
MII1 mutant mice. To distinguish transcriptional dysregulation
caused by MII1 deficiency from secondary alterations in RNA
levels, we sorted and separated (MIl1-deficient) neuronal nuclei
from the (non-Mll1-deficient) non-neuronal nuclei of the con-
ditional mutant cortex (Fig. 1C) for subsequent genome-scale
H3K4 methylation profiling with single base pair resolution. We
focused on the trimethylated mark, H3K4me3, because this mark
presents as sharp peaks surrounding gene-proximal promoters
and TSSs (Guenther et al., 2007; Barrera et al., 2008). Further-
more, H3K4me3 tends, on a genome-wide scale, to show stronger
correlations with gene expression patterns compared with the
more broadly distributed monomethylated and dimethylated
forms (H3K4mel/2; Santos-Rosa et al., 2002; Eissenberg and
Shilatifard, 2010). On a genome-wide scale, the H3K4me3 mark
correlates with RNA polymerase II occupancy at sites of gene
expression (Guenther et al., 2005), providing an additional layer
of transcriptional regulation to facilitate or repress expression,
depending on local chromatin context (Shilatifard, 2008, 2012).
Notably, MilI deficiency in peripheral tissues leads to loss of
H3K4me3 at <5% of all H3K4me3-tagged promoters, of which
only a subset shows deficits in levels of the corresponding gene
transcripts (Wanget al., 2009; Denissov et al., 2014). Likewise,
hippocampal pyramidal neurons with mutations in Mll2—a
close MIl1 homolog among the SET-domain containing H3K4
methyltransferases—show expression changes for <25 tran-
scripts (Kerimoglu et al., 2013). Therefore, we hypothesized that
MIII deficiency in cortical neurons too will result in selective
H3K4me3 deficits at a very small subset of promoter-bound se-
quences, in conjunction with decreased levels of the correspond-
ing RNA(s). Indeed, this is what we observed. Altogether 318
promoter-bound H3K4me3 peaks were altered in mutant neu-
rons (N = 4 mice/group, >1.5-fold change, FDR-corrected p <
0.05), of which 99% were decreased and 12% matched to a gene
transcript with altered mRNA expression (31/38 downregulated;
x> df (1) = 10.57, p < 0.01; Fig. 1D). Among the 31 genes
affected by a significant deficit in H3K4me3 in MIlI-deficient
mutant cortical neurons, multiple neuropsychiatric susceptibil-
ity genes ranked among the most heavily affected as it pertains to
decreased RNA and loss of H3K4me3, including the Meis2 ho-
meobox transcription factor important for cortical and striatal

<«

(Figure legend continued.)  centered at TSS of Meis2 (chr2), and Satb2 (chr1) genes, and for
comparison, 20 and 2kb around Rbfox3 (encoding NeuN) and Actb. Note loss of H3K4me3 signal
specifically at Meis2 and Satb2 in mutants (orange), compared with controls (blue). E, Allen
Brain Atlas screenshots (adult cortex), showing robust expression for Meis2 and Satb2 by in situ
hybridization (ISH). Signal intensity on adult PFC microarray (€) comparing Meis2 and Satb2
expression relative to high (low) expressed Tubb4 (HdacT). AC, anterior cingulate; PL, prelimbic;
IL, infralimbic. F, T-maze alternations (V = 10—14/group) and RNA knockdown (G; N =
4/group) after prefrontal injections of vehicle, control (UGGUUUACAUGUCGACUAA), Meis2
(CAUUCAUGCCCAAUAGUAU) or Satb2 (GGAUUAUUGUCAGAGAUAC) siRNA. H, H3K4mel,
H3K27ac, and H3K27me3 ChIP-PCR at Meis2 as indicated. *, **, ***p < 0.05, 0.01, 0.001.
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Table 1. Genes with deficits in promoter-bound H3K4me3 in Ml/7-deficient cortex
(>1.5-fold from control) and significant decrease in expression

Chr  Start End Nearest TSS (kb) Transcript (FC)  H3K4me3 (FC)
chr1 57025981 57026244 Satb2 (+2065) =17 —7.25
chrl 57026819 57027293 Satb2 (+1122) =17 —13.25
chr2 115888047 115888297 Meis2 (+2622) —1.58 —8.42
chr15 91020306 91020562 Abcd2 (+1804) —1.51 —4.58
chr13 97695894 97696191 Gent4 (+1399) —1.4 —3.66
chr17 66279021 66279342 Scnla (—288) —1.38 —21
chr2 85037656 85037917 Lrrc55(—931) —1.36 —4.08
chr12 100137950 100138190 Eml5 (+1624) —135 -232
chr19 7006971 7007555 Kenk4 (+1742) —132 —=10.11
chr18 7002288 7002752 Mhx (+2257) —1.32 —4.53
chrd 124664023 124664531 RspoT (+603) —132 -3.17
chr19 24781899 24782101 Zmat4 (+1867) —1.31 17
chr11 120095519 120095896 Bahccl (+ 1447) —1.30 —17.07
chr11 120094771 120095017 BahccT (+633) —130 —12.68
chr14 67256884 67257100 Adrala(+2897) —1.30 17
chr2 73112178 73112456 Sp9(+2334) —1.26 —2.35
chr16 31934529 31934729 Pigz(+692) —1.26 —137
chr1 171675597 171676009 Rgs4 (+1970) —1.24 —5.08
chr5 98612210 98612575 Prdm8 (+2505) —1.23 —8.54
chr16 21206592 21206866 Ephb3 (+1861) -1.3 —2.44
chr11 98903864 98904163 Igfbp4 (+1440) —-1.23 —1.52
chr9 91259187 91259499 ZicT (+1294) —1.23 —1.19
chr15 59482113 59482725 Trib1 (+2210) -1.22 —10.27
chrl 179377749 179377979 Zfp238 (+3072) —1.22 —5.69
chrl 179377256 179377470 Zfp238 (+2571) —1.22 —3.88
chrl 179375682 179375983 Zfp238 (+1041) -1.22 —-34
chr6 88676263 88676784 Mgll (+2118) —-1.22 —2.56
chr11 109333561 109334055 Arsg (—880), —1.22 —3.16
Slc16a6 (+1102)
chrl0 60638412 60638862 Tbata (+3925) —-1.21 =331
chr13 114453356 114453745 Hspb3 (+333) —1.21 —215
chr11 43647614 43647814 Adralb (+2120) —1.21 —1.97
chr13 114452232 114452561 Hspb3 (+1487) —1.21 —1.82
chr1 185858744 185859005 1700056E22Rik —1.21 —1.74
(—998), Dusp10 (+535)
chr13 60638905 60639229 Tbata (+4355) —-1.21 —1.68
chr 19094413 19094928 Tcfap2d (+1568) —1.21 —294

development (Takahashi et al., 2008; Larsen et al., 2010) and
Special AT-rich sequence binding protein 2 (Satb2) essential for
cortical projection neuron differentiation (Britanova et al., 2008;
Fig. 1D, Table 1). Importantly, Meis2 and Satb2 expression levels
are maintained at high levels across all neuronal layers of the adult
PFC (Fig. 1E), which would suggest that these genes, in addition
to their critical role during early neurodevelopment, could re-
main important for neuronal health and function even in fully
matured cortex. To examine this, we subjected adult, three-
month-old wild-type (C57BL/6]) mice to intracranial injections
of siRNA to knockdown Meis2 and Satb2 transcripts in the PFC,
then measured, 3 days after surgery, SWM by T-maze. There was
significant spatial working memory impairment in animals
treated with Meis2 siRNA, but not Satb2 or additional control
siRNAs (one-way ANOVA, F; 4, = 4.33, p < 0.01; Fig. 1F). The
decrease in spatial working memory after Meis2 knockdown was
milder compared with the impaired maze performance of MilI
conditional mutants (Fig. 1, compare B, F). Knockdown efficien-
cies were monitored by qRT-PCR-based Meis2 and Satb2 RNA
quantification in PFC, confirming significant downregulation in
Meis2 (or Satb2, respectively) in siRNA-injected animals (Meis2,
tay = 3.231, p < 0.05; Sat2, 1,4, = 3.295, p < 0.05; Fig. 1G). This
Meis2 siRNA-mediated downregulation, ~30—-40% (Fig. 1G),
was only slightly less than the ~50% decrease in expression ob-
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Figure 2.

MIIT and MiI2 deletion in adult PFC neurons. A4, Time line. MI17%% and MII2™"* and wild-type (MIIT™/™, MII2*/™) controls receive bilateral—photomicrograph showing

dye-marked PFCinjections—AAV8 vector for Synapsin1 promoter-driven expression of CreGFP fusion protein, followed by behavioral assays. B, €, Summary of qRT-PCR from 1to 2 mm tissue blocks
around the injection sites, showing decreased Mil7 and Meis2 RNA in AAV8""V!-CREGFP injected M7/ PEC, and decreased MII2 transcript in AAV8"S™T-CRECFP injacted MII2™"* PEC. D, Coronal
sections from AAVS""™V"REG njected PFC, CreGFP green, NeuN immunostain red, and DAPI counterstain blue. Arrows (stars), NeuN ™ (NeuN ~) nuclei. Scale bars: Left, 100 rm; Right, 50 m.
E, Behavioral assays in AAVS"™"CRE iniected MIIT™™* and MII2™%* and control mice. Left to right, Nest building, radial arm maze, open field test. F, Staircase modeling stepwise
improvement of spatial working memory-related performance in maze assays. Bar graphs summarizing transient waves of Arc expression in PFC, with 3- to 4-fold increase in expression at 30 min
but not 120 min after task performance. G, Decreased Arc expression at baseline and 30 min after day 4 of radial maze task in AAV8™S™¥"-CFEP_injected PFC (gray line, baseline Arc RNA in wild-type).

N = 5-7 animals/time point and genotype. *, **, ***p < 0.05, 0.01, 0.001.

served in qRT-PCR assays from conditional mutant PFC
(Camk2aCre ™, Ml 0,534 + 0.088; Camk2aCre ", Mil1/1ox/lox
1 * 0.156). These findings, suggest that MIII plays an essential role
for working memory by regulating a small set of target genes in adult
PFC neurons, including the Meis2 transcription factor.

MLLI1 protein upregulates in addition to the trimethyl
form, H3K4me3, monomethylated and dimethylated H3K4
(H3K4mel/H3K4me2; Del Rizzo and Trievel, 2011). The
H3K4mel and H3K4me2 marks are broadly enriched at many
“active” enhancers and promoters (Creyghton et al., 2010; Zhou
etal,, 2011). Furthermore, MLL1-associated proteins are thought
to recruit histone acetyltransferases to promoter sequences, and
H3K4 methylation is often coregulated with histone acetylation
(Huang et al., 2007; Tie et al., 2014). Therefore, we conducted
ChIP-PCR experiments on PFC from Camk2aCre*, Mil1//x
and control mice, to measure H3K4mel and H3K27ac, and the
repressive mark, H3K27me3, at Meis2 regulatory sequences.
These marks are often enriched at promoters, enhancers, and
other cis-regulatory sequences involved in transcriptional regu-
lation in various tissues, including brain (Zhu et al., 2013; Bhar-
adwaj et al., 2014). Indeed, Meis2 promoter sequences sharply
enriched with the H3K4me3 mark showed a significant deficit in
H3K27 acetylation (t(,,, = 2.731, p < 0.05; Fig. 1H). In contrast,
H3K4mel levels at the same sequences showed a subtle nonsig-
nificant decrease, which did not survive a two-tailed ¢ test (¢, =
2.182, p = 0.052). However, a more robust H3K4mel deficit was
observed at sequences 55,8 kb from the TSS (t(,,, = 5.071, p <

0.001), which in wild-type cortex showed strong H3K4mel en-
richment, according to reference epigenomic maps from mouse
cerebral cortex (Shen et al., 2012). In contrast, no significant
changes were found for the repressive mark, H3K27me3, at the
site of the Meis2 promoter. Our ChIP-PCR studies suggest that
loss of MII1 could affect H3K4 monomethylation, dimethylation,
and trimethylation at selected sequences and additional histone
modifications, including acetylation (Fig. 1H).

Having shown that loss MIII in postnatal brain compromises
the animal’s ability to show normal performance in tasks sensi-
tive to PFC dysfunction, including SWM and anxiety, we asked
whether some of the behavioral phenotypes after postnatal, fore-
brain wide MII1 deletion could be recapitulated after region-
specific gene ablation in adult PFC. Therefore, to test whether
MIII1 deletion in mature brain results in a neurological pheno-
type, we bilaterally injected into rostromedial cortex/ventral PFC
(Dalley et al., 2004) of P80—P100 mice AAV for neuron-specific
expression of CreGFP fusion protein (AAV8'SYNI-CreGEP: Eig
2A,D). Mammalian genomes harbor at least 11 H3K4-specific
methyltransferase genes (Black et al., 2012). Therefore, to find
out whether any behavioral phenotypes after gene deletion in
PFC neurons are specific for Mil1, we conducted parallel studies
in mice homozygous for the MIII ortholog, MII2/Kmt2b/"/
(Kerimoglu et al., 2013; Ladopoulos et al., 2013). The PFC of
Mo and MII2"*M°% mice injected with AAVEHSYNI-CreGFP
showed a significant ~30-60% loss of MIlI (t., = 4.239, p <
0.001) or, respectively, MII2 RNA (), = 6.466, p < 0.001; Fig.
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2B,C), with CreGFP expression specific to prefrontal neurons
(Fig. 2D). Furthermore, Meis2 RNA was decreased by ~40%
in MII"°x PEC (t,, = 3.522, p < 0.01; Fig. 2B) but not in
MII2"*M1ox PEC injected with AAVS"SYN!-C¢GFP (Fig 2C). Impor-
tantly, AAV8"SYN-CeCTP _jnjected ML mice showed, com-
pared with AAV8HSYNI-CreGTP_injected wild-type controls, robust
deficits in nest building (¢33, = 3.780, p < 0.001) and radial arm
maze/working memory performance as assessed by 4 consecutive
days of testing (two-way mixed ANOVA, effect by genotype,
F, 59y = 15.58, p < 0.001) in conjunction with elevated levels of
anxiety in the open field test (N center entries, t,5, = 5.288, p <
0.01; Fig. 2E). In contrast, behavioral performances were not sig-
nificantly altered in AAV8"S*N!-CreGFF jnjected M2 mice,
compared with AAV8"S*NI-CreGFP jnjected wild-type controls,
with the notable exception of a mild impairment in working
memory (two-way mixed ANOVA, effect by genotype, F, ,,, =
7.04, p < 0.05; Fig. 2E).

Having shown that MIII in mature PFC neurons is essential
for normal cognition and behavior, we wanted to explore some of
the underlying molecular mechanisms. We noted that our wild-
type mice, consistent with previous studies (Kolata et al., 2008;
Udagawa et al,, 2013; Line et al., 2014), showed stepwise improve-
ment in working memory performance when tested over multiple
consecutive days, including a declining error rate in the radial arm
maze assays across the 4 d test period (Fig. 2E). Interestingly, expres-
sion of Arc/Arg3.1, encoding activity-regulated cytoskeleton-
associated protein, an early response gene and critical regulator of
synaptic plasticity (Shepherd and Bear, 2011), was among the list
of 511 genes (Fig. 1D) significantly downregulated at baseline
(—1.48-fold, FDR corrected p < 0.01) in the array-based tran-
scriptome assessment of the MIl1-deficient PFC (Fig. 1D). We
therefore hypothesized that Arc expression in PFC is dynamically
regulated in mice exposed to a cognitive challenge such as radial
maze-related working memory. Indeed, this is what we observed
in C57BL/6] wild-type mice, with Arc transcript showing a tran-
sient, ~4-fold increase at 30 min after task performance in the
T-maze and radial maze paradigms, followed by return to base-
line at 120 min (N = 5-9 wild-type C57BL6 animals per time
point; one-way ANOVA; T-maze F, 5, = 12.85, p < 0.001; ra-
dial arm maze F, ,,, = 5.34, p < 0.05; Fig. 2F). These transient
waves of Arc expression were present at the first and the fourth
(last) day of testing (Fig. 2F ), indicating that Arc induction in
the PFC is not subject to desensitization after repeated maze
exposures. To further explore Arc regulation in MIl1-deficient
PFC, we first confirmed downregulated Arc expression in PFC
at baseline, using a second batch of mutant and control mice
for RT-PCR-based RNA quantifications (mean *= SEM,
Camk-Cre" MIII?'**?"°* 0.56 = 0.07, Camk-Cre~, MII17"/?
1.00 = 0.13, ) = 2.92, p < 0.05). We then confirmed
decreased Arc expression in AAV8MSYNI-CreGEP jnjected
MI17%9°%/210% mjce at baseline (ty =2.38,p <0.01). In contrast
to AAVE"SYNI-CreCFF jnjected wild-type animals, AAVE"SN!-CreGEP_
injected MIII?™?* mice only showed a minimal increase in Arc
expression when assessed 30 min after radial arm maze training
(00 = 3.015, p < 0.05; Fig. 2G).

Having shown that MIII ablation profoundly affects measures
of behavioral and molecular (Arc) plasticity, we next explored
synaptic signaling in mutant and control neurons. Of note, dis-
rupted short-term plasticity (STP) in the PFC is associated with
cognitive dysfunction, including impairments in working mem-
ory, generally defined as the short-term retention of information
in the preparation of forthcoming action (Constantinidis and
Wang, 2004; Gordon, 2011; Fénelon et al., 2013). To examine
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PEC STP in Mil1-deficient PFC, we recorded from PFC layer V
pyramidal neurons, the major output relay of the cortex. The
frequencies of AMPA receptor-mediated mEPSC were signifi-
cantly higher in conditional mutant Camk2aCre*, Mil1/"</fox
neurons (t,;, = 3.005, p < 0.01) while amplitudes were indistin-
guishable from controls (.,,, = 0.563, p = 0.6; Fig. 3A, B). These
results suggest a higher probability of presynaptic transmitter
release (Pr), or an increase in the number of functional synapses
in the MIlI-deficient PFC.

To assess whether there is an increase in the presynaptic neu-
rotransmitter release efficiency, we studied evoked synaptic
transmission by stimulating the superficial cortical layers (II/III),
major sites of afferent fibers that converge on the apical dendrites
of layer V pyramidal neurons. We compared the magnitude of
facilitation that occurs in response to paired-pulse stimulation, a
reliable measure of changes in Pr (Zucker and Regehr, 2002),
especially at low probability synapses. PPR, a reliable measure of
changes in Pr (Zucker and Regehr, 2002), especially at low prob-
ability synapses, was significantly lower at all interpulse intervals
tested between 20 and 100 ms in MI/I mutant mice (20 ms, t(,5, =
2.468, p < 0.05; 50 ms, f,;) = 3.384, p < 0.01; 100 ms, £, =
2301, p < 0.05; 150 ms, t,, = 0.269, p = 0.3; Fig. 3C,D),
suggesting an increased Pr of glutamate release at mutant termi-
nals. To further probe presynaptic function, we examined synap-
tic responses under current clamp to high-frequency train
stimulation, which allows assessment of presynaptic depression
and sustainment of postsynaptic depolarization at physiological
firing frequencies. We applied a 10-pulse train at physiological
frequencies (Funahashi et al., 1989; Sawaguchi et al., 1990; Miller
etal., 1996) followed by a recovery test pulse (Fig. 3E). At 10 Hz,
wild-type neurons displayed stable EPSPs during repetitive stimula-
tions with a modest temporal summation of postsynaptic depolar-
ization. In contrast, MilI-deficient neurons showed rapidly
depressing EPSPs without temporal summation (Fig. 3E,F). At
20 Hz, both wild-type and mutant neurons displayed an initial
facilitation followed by a phase of depression of EPSPs, but mutants
showed a smaller facilitation and a faster and more complete synap-
tic depression than those in wild-type neurons. The decrease in EPSP
amplitude in response to successive pulses during a train of stimuli
reflects presynaptic vesicle depletion, and more depletion occurs as
frequency increases and correlates with higher Pr (Zucker and Re-
gehr, 2002). These results support the notion that excitatory inputs
onto PFC neurons have a higher presynaptic release probability in
Camk2aCre™, MIIF™* mutant mice.

Synaptic augmentation (lasting up to 10 s) and PTP (lasting
longer than 30 s and up to a few minutes; Zucker and Regehr,
2002), are two forms of STP that can be induced by high-
frequency titanic stimulation at many synapses, including the
PFC (Hempel et al., 2000; Wang et al., 2006). Lasting facilitation
of EPSPs in control mice was evident from the EPSP response to
the recovery test stimulus delivered 1 s after the 10-pulse stimu-
lation train, suggesting the presence of STP at these PFC synapses
(Fig. 3E). To further examine whether augmentation and PTP
were impaired in MIlI-deficient PFC, we monitored post-
tetanic EPSPs for up to 100 s (Fig. 3G). We observed substan-
tial synaptic augmentation (Fig. 3G) and PTP, lasting for at
least 90 s (Fig. 3H) in control neurons. In contrast, mutant
neurons failed to show sustained synaptic augmentation and
PTP (t,0_13y = 2.32-2.81; Fig. 3H) and these results strongly
point to defective synaptic signaling, including impaired STP,
in the MIl1-deficient PFC.
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Figure3. Enhanced presynaptic neurotransmitter release, impaired temporal summation, and STP in Mi/7-deficient mice. A, B,

Representative mEPSC recordings from control (C) and conditional Camk2a-Cre™, MI1™/* mutant (M) PFC neurons, including
quantification of frequency and amplitude. C, Representative recordings of PPR at interpulse intervals of 20 and 50 ms from
wild-type and mutant neurons. D, PPRs at various interpulse intervals (E). Representative traces of evoked EPSPs in response to a
15-pulse stimulus train at 10 Hz (upper) or 20 Hz (lower) followed by a recovery test pulse recorded from control (C) and mutant (M)
neurons. Note that recovery testing responses remained facilitated compared with the first EPSP in the train. F, Summary of
normalized EPSP amplitudes (to the peak of first EPSP) versus stimulus sequence during the train. Note substantial temporal
summations at the end of both 10 and 20 Hz stimulus train in wild-type, but not mutant neurons. G, Absence of synaptic
augmentation in M/I7 mutant neurons. Augmentation was induced by a 15-pulse tetanus at 10 Hz. Single-action potential-evoked
testing responses before and after induction was measured at 0.5 Hz. H, Impaired PTP in mutant (M) neurons. The five EPSPs
recorded between 90 and 100 s post-tetanus were averaged to compute PTP. *, **p << 0.05, 0.01.
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Discussion

The present study provides a deep and in-
tegrative exploration of MIlI-dependent
regulation of H3K4 methylation in PFC
neurons. Region- and cell type-specific
MIl1 gene deletions, including Cre-
mediated recombination in adult PFC
neurons, were associated with broad alter-
ations in complex behaviors, elevated lev-
els of anxiety, defective nest building
(which in mice is often linked to altera-
tions in social cognition), and a marked
impairment in spatial working memory.
These behavioral alterations were not
associated with gross neurological dys-
function or defects in locomotor coordi-
nation, and rotarod performance was
indistinguishable from controls. How-
ever, MIlI apparently is essential for or-
derly synaptic activity in mature neurons,
because the MIlI-deficient PFC layer V
pyramidal neurons of the present study
were severely affected by defective STP,
which is critical for delayed period persis-
tent activity underlying working memory
(Miller and Cohen, 2001; Seamans et al.,
2001). Furthermore, we observed a loss of
the stepwise improvement in maze/spatial
working memory task performances after
prefrontal Ml ablation. Notably, this loss
of behavioral plasticity was accompanied by
a corresponding loss in molecular plasticity
in the Mili-deficient PFC, as evidenced by
altered expression of the activity-regulated
cytoskeleton-associated protein Arc, a key
regulator for synaptic plasticity in prefrontal
cortex (Krueger etal., 2011; Ren et al., 2014)
and other brain regions (Shepherd and
Bear, 2011). In the present study, levels of
Arc RNA were transiently increased in wild-
type PEC, for at least 30 min, after the ani-
mals had been in the T-maze and radial arm
maze. In striking contrast, Arc expression in
Mil1-deficient PFC was downregulated at
baseline, with minimal induction after maze
training.

The neuronal phenotypes after Mill
gene deletion, including (1) the impair-
ments in cognition and complex behav-
iors; (2) the severe defects in short-term
synaptic plasticity of PFC projection neu-
rons; and (3) the marked attenuation of
task-related transient waves of Arc expres-
sion, when taken together, convincingly
show that MIII is essential for mainte-
nance of health and function in mature
cortical neurons. This is further reflected
by a broadly dysregulated cortical tran-
scriptome, with ~1000 genes, many of
which assigned to neuronal function and
synaptic signaling by Gene Ontology (Fig.
1C), showing mostly a subtle, ~1.2-fold
change in expression. These alterations
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are likely to underlie the severe STP defects in prefrontal projec-
tion neurons as reported here. These transcriptional alterations
could result from dysregulated H3K4 methylation and other epi-
genetic marks such as H3K27ac, or alternatively, reflect second-
ary mechanisms operating downstream of the primary defect. Of
note, our combined epigenome/transcriptome analyses of MIlI
mutant and wild-type cortex revealed only a small subset of 31
genes affected by a more robust (>1.5-fold) deficit of H3K4me3
in conjunction with decreased levels of the corresponding gene
transcript (Fig. 1D, Table 1). These included several neurodevel-
opmental susceptibility genes including Meis2 (Takahashi et al.,
2008; Larsen et al., 2010), a transcription factor expressed at high
levels in mature PFC neurons (Fig. 1E). It is surprising that until
now, Meis2 functions had not been studied in adult brain. In the
present study, small RNA-mediated Meis2 knockdown in adult
PEC led to impairments in working memory and cognition (Fig.
LF). Our results, when taken together, suggest that mature pre-
frontal neurons critically depend on maintenance of MIilI-
regulated H3K4 methylation at a small subset of genes with an
essential role in cognition and emotion. The findings presented
here broadly resonate with studies in peripheral tissues, reporting
that MIlI deficiency leads to loss of H3K4me3 at <5% of all
H3K4me3-tagged promoters in the genome, of which only a frac-
tion is associated with deficits in levels of the corresponding gene
transcripts (Wang et al., 2009; Denissov et al., 2014). Likewise,
hippocampal pyramidal neurons lacking the MIl1 ortholog MII2
show expression changes for <25 transcripts (Kerimoglu et al.,
2013). In each of these studies and other studies involving MII1 or
MII2 mutant mice (Ernst et al., 2004; Huang et al., 2007; Jude et
al., 2007; Kim et al., 2007), the M1 (or MII2)-depleted cells
showed very specific defects in growth, differentiation, or func-
tion, which would suggest that MIl1, MII2, and probably addi-
tional genes encoding H3K4-specific lysine methyltransferases
(KMT) each play a nonredundant role, by controlling a very lim-
ited subset of critical genes that differ according to H3K4 KMT,
and cell type and tissue. Our study provides evidence that this
working model applies to the mature brain. After MIl1 and MII2
were ablated in adult PFC neurons via AAV&SYNI-CreGFP - yice
showed impaired cognition, a phenotype that was more robust in
MIl1-deficient PFC. This was associated with downregulated ex-
pression of Meis2, which according to the present study is a crit-
ical driver gene for the working memory deficits after MII1 but
not MII2 ablation.

Notably, both Ml and MII2—two closely related H3K4
KMTs sharing an almost identical set of functional domains
(Long et al., 2013)—are highly expressed in adult PFC and other
brain regions (Lein et al., 2007), and are thought to require addi-
tional subunits to attain maximal methyltransferase activity to-
ward H3K4, with the “WRAD” (WDRS5, RbBP5, ASH2L, and
DPY30) as prototype example for the MLL-associated protein
complex (Del Rizzo and Trievel, 2011; Ernst and Vakoc, 2012).
Therefore, small molecule drugs interfering with MLL-WRAD
binding and catalytic activity (Karatas et al., 2013; Cao et al.,
2014) bear promising potential as novel treatment avenues for
psychiatric disease, given the emerging role of H3K4-specific
KMTs, including MLL1, as powerful epigenomic regulator of
cognition and emotion.
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