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Abstract

Neuronal histone acetylation has been linked to memory consoli-
dation, and targeting histone acetylation has emerged as a prom-
ising therapeutic strategy for neuropsychiatric diseases. However,
the role of histone-modifying enzymes in the adult brain is still
far from being understood. Here we use RNA sequencing to
screen the levels of all known histone acetyltransferases (HATS)
in the hippocampal CAl region and find that K-acetyltransferase
2a (Kat2a)—a HAT that has not been studied for its role in
memory function so far—shows highest expression. Mice that
lack Kat2a show impaired hippocampal synaptic plasticity and
long-term memory consolidation. We furthermore show that
Kat2a regulates a highly interconnected hippocampal gene
expression network linked to neuroactive receptor signaling via a
mechanism that involves nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). In conclusion, our data
establish Kat2a as a novel and essential regulator of hippocampal
memory consolidation.
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Introduction

Numerous findings across species have established that long-term
memory consolidation critically depends on tightly controlled gene
expression (Kandel, 2001). Recent studies suggest that epigenetic
mechanisms of gene expression such as histone acetylation also play
a role in memory formation and may provide a novel therapeutic
avenue to treat cognitive diseases (Fischer et al, 2007; Ricobaraza
et al, 2009; Kilgore et al, 2010; Peleg et al, 2010; Fischer, 2014).
Histone acetylation is mediated by the counteracting activity of
histone acetyltransferases (HATs) and histone deacetylases
(HDACs), but the role of these enzymes during memory formation is
only beginning to emerge. This is especially true for the 18 HATs
encoded in the human and mouse genomes (Allis et al, 2007). While
there is substantial evidence that manipulating the levels of CREB-
binding protein (Crebbp; CBP; KAT3A, ENSMUSG00000022521)
affects memory formation in mice (Alarcon et al, 2004; Korzus et al,
2004; Wood et al, 2005; Wood et al, 2006; Vecsey et al, 2007; Chen
et al, 2010; Barrett et al, 2011), the current knowledge on the role of
other HATSs in the adult brain (Maurice et al, 2008; Oliveira et al,
2007) and especially the knowledge on the corresponding gene
expression programs controlled by HAT activity is quite limited.

We therefore performed RNA sequencing to generate a quantita-
tive transcriptome of the hippocampal CA1 region, which is a key
brain structure for memory consolidation. These data allowed us to
compare expression of all HATs within the CAl region. Highest
expression was observed for Kat2a, formerly known as General
control of amino acid synthesis protein 5-like 2 (Gen512). Since also
the Kat2a protein was highly expressed in the adult mouse hippo-
campus and the function of this protein in memory formation has
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not been studied before, we decided to further investigate the role of
Kat2a in the adult brain.

To this end, we generated conditional Kat2a KO mice. Deletion of
Kat2a from excitatory neurons of the adult forebrain resulted in
impaired hippocampus-dependent memory consolidation as well as
impaired synaptic and nuclear plasticity. In addition, our data suggest
that Kat2a controls hippocampal memory function by regulating a
gene expression network linked to neuroactive ligand-receptor inter-
action via mechanisms that involve the activity of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B).

In conclusion, we establish Kat2a as an important regulator of
transcriptome plasticity essential for hippocampus-dependent
memory formation.

Results
Kat2a is highly expressed in the hippocampal CA1 region

The hippocampal CA1 region is critical for memory function in mice
and in humans and has been linked to learning-induced epigenetic
gene expression (Levenson et al, 2004). As a starting point to
further elucidate the role of HATs in memory function, we therefore
performed RNA sequencing analysis of the hippocampal CA1 region
from adult mice. In contrast to other methods for gene expression
analysis, RNA sequencing allows for proportional quantification of
the transcriptome, thereby enabling us to directly compare tran-
script abundance, including levels of different HATs within a given
sample. We were able to detect 16,218 genes that show more than
10 reads per kilobase per million reads (RPMK). As expected, we
found genes that are strongly associated with learning and memory
processes to be enriched among the most highly expressed genes
(Supplementary Table S1). When we specifically analyzed the
expression of the 18 mammalian HATSs, the highest read count was
observed for the Kat2a gene (Fig 1A). Kat2a belongs to the GNAT
family of HATs and has been implicated in acetylation of histones
as well as non-histone proteins (Rodriguez-Navarro, 2009). A role
for Kat2a in memory function has not been investigated so far.
However, Kat2a has been implicated in stimulus-dependent gene
expression in other cell types and organisms (Hargreaves et al,
2009; Johnsson et al, 2009), making it a promising candidate for
regulation of neuronal activity-driven gene expression. Furthermore,
Kat2a was identified as one of the genes that are up-regulated in
response to fear-conditioning training using a microarray approach
(Peleg et al, 2010). Thus, we decided to further study this enzyme
in the adult brain. We started our analysis by measuring the expres-
sion of Kat2a in different brain regions. Quantitative real-time PCR
(qPCR) revealed expression of Kat2a in the hippocampal subregions
CAl, CA3, and the dentate gyrus as well as in the cortex and
prefrontal cortex along with relatively low expression in the cerebel-
lum (Fig 1B). Within the hippocampus, the highest expression of
Kat2a was seen in the CAl region. Next, we measured Kat2a
protein levels. Quantitative immunoblot analysis revealed highest
Kat2a production in the hippocampal CAl region and the cortex,
while low amounts of Kat2a were observed in the cerebellum and
the CA3 region (Fig 1C).

To study the role of Kat2a in greater detail, we generated mice
that lack Kat2a in excitatory neurons of the adult forebrain. To this
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end, animals, in which exons 3-17 of the Kat2a gene are flanked by
loxP sites (Lin et al, 2008), were crossed to mice expressing CRE
recombinase under the control of the CamKIla promoter (Kat2a
cKO). Mice that carry the floxed Kat2a allele but do not express CRE
recombinase were used as control (control) (Kuczera et al, 2010;
Kerimoglu et al, 2013). As expected, qPCR analysis revealed a
significant reduction of Kat2a expression in all hippocampal regions
of Kat2a cKO mice while Kat2a mRNA levels in the cerebellum
were unaffected (Fig 1D). Analyzing the subcellular localization of
Kat2a in the hippocampus by immunoblot analysis, we found
Kat2a predominantly localized to the nucleus, which is in line with
its role in histone acetylation (Fig 1E). Quantitative analysis
confirmed a highly significant reduction of Kat2a protein levels in
the hippocampal CA1 region of Kat2a cKO mice (Fig 1E), which
was also observed using immunohistochemical analysis (Fig 1F).
While the constitutive deletion of Kat2a in mice is lethal (Bu et al,
2007), mice lacking Kat2a in the adult forebrain were viable and
displayed home-cage behavior that was indistinguishable from
control mice. In line with this observation, the brain weight of Kat2a
cKO mice (Supplementary Fig S1) as well as immunoreactivity for
NeuN, a marker for neuronal integrity (Fischer et al, 2005), were
similar to control mice (Fig 1G). Gross brain morphology was unaf-
fected in cKO mice, as shown by immunohistochemical staining for
the synaptic marker proteins synaptophysin (SVP), synaptoporin
(SVP2), and microtubule-associated protein 2 (MAP2) as well as the
oligodendrocyte marker PLP1 and the astrocyte marker GFAP
(Fig 1G and Supplementary Fig S1).

In conclusion, these data show that Kat2a is highly expressed in
the adult hippocampus but deletion of Kat2a from adult forebrain
neurons does not lead to obvious detrimental phenotypes.

Kat2a is necessary for long-term memory consolidation and
synaptic plasticity

To test for a role of Kat2a in cognitive function more specifically,
we subjected Kat2a cKO and control mice to behavior testing.
Explorative behavior and basal anxiety, as assessed in the open field
test, were found to be similar among groups (Fig 2A and B). The
observation that basal anxiety was unaffected in Kat2a cKO mice
could be confirmed in the elevated plus maze test (Fig 2C). More-
over, the rotarod test demonstrated no difference in physical
strength, endurance, and motor coordination (Fig 2D). Next, we
measured working memory function by employing the cross maze
test, where Kat2a cKO and control mice performed equally well
(Fig 2E). Intact short-term memory function in Kat2a cKO mice was
confirmed in the novel object recognition test, as no difference in
the preference for a novel object was detectable among groups when
mice were exposed to the novel object 5 min after the training
session (Fig 2F). While short-term memory is independent of de
novo gene expression, the formation of stable long-term memories
depends on differential gene expression, a process that critically
involves chromatin plasticity (Day & Sweatt, 2011; Graff & Tsai,
2013). Thus, we also analyzed long-term memory consolidation in
Kat2a cKO mice. First, we subjected mice to a long-term memory
version of the novel object recognition task. Interestingly, although
both groups performed better than chance level in this test, Kat2a
cKO mice showed a slight, but significant, reduction in preference
for the novel object (Fig 2G). To further investigate the role of
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Kat2a in long-term memory function, we subjected mice to the
hippocampus-dependent contextual fear-conditioning paradigm,
which measures associative memory consolidation. Activity during
training and response to the electric foot shock were similar among
groups (Fig 2H). Freezing behavior, a quantitative measure of
memory consolidation, was significantly reduced in Kat2a cKO mice
when compared to control littermates 24 h after training, indicating
impaired associative memory consolidation (Fig 2H).

To further test the role of Kat2a in hippocampus-dependent
long-term memory function, we subjected mice to the Morris
water maze test. When compared to the control group, Kat2a cKO
mice showed a significantly higher escape latency to find the
hidden platform throughout the 9 days of training (Fig 3A). No
such difference was observed when mice had to locate a visible
platform (Fig 3A), indicating that this effect is not due to impaired
vision or motor coordination. The latter was further confirmed by
the finding that swim speed was similar among groups (Fig 3B).
On day 10, memory consolidation was tested in a probe test.
While control mice spent significantly more time in the target
quadrant when compared to the other quadrants, Kat2a cKO mice
only performed at chance level (Fig 3C). In line with this observa-
tion, the number of platform crossings was also impaired in Kat2a
cKO mice (Fig 3D). While the CamKIla-Cre line employed to
delete functional Kat2a has been used previously to postnatally
delete target genes and to analyze hippocampal memory formation
(Minichiello et al, 1999; Kuczera et al, 2010; Gorlich et al, 2012;
Kerimoglu et al, 2013), CRE expression in these mice is driven in
the forebrain and not exclusively in the hippocampal formation.
To confirm that the observed memory impairment in Kat2a cKO
mice is due to the role of Kat2a in the hippocampal CA1 region,
we used a viral-mediated approach to delete Kat2a in 3-month-old
mice. Adeno-associated virus (AAV) particles mediating synapsin-
promoter-driven expression of GFP-fused CRE recombinase were
injected into the dorsal CAl region of mice homozygous for the
floxed Kat2a allele (Kat2a™" AAV-CRE mice). Wild-type litter-
mates injected with the same AAV were used as control (Kat2a™*’™"
AAV-CRE). qPCR and immunohistochemical analysis confirmed
the deletion of Kat2a in CA1 neurons of Kat2a™® AAV-CRE mice

The EMBO Journal

(Fig 3E and Supplementary Fig S2). Viral-mediated deletion of
Kat2a in the CAl region did not affect explorative behavior nor
basal anxiety, and we could rule out an effect of the floxed allele
on water maze performance between wild-type controls (Kat2a™/*)
and Kat2a™" animals (Supplementary Fig S2). Next, we subjected
mice to the water maze test to assess hippocampus-specific long-
term memory. Mice lacking Kat2a in the CAl region showed
severely impaired escape latency throughout the training (Fig 3F)
and performed significantly worse than the control group in the
probe test (Fig3G and H), demonstrating that Kat2a in
the hippocampal CAl region is essential for spatial memory
consolidation.

To further explore the cellular mechanisms by which Kat2a
regulates long-term memory formation, we analyzed the electro-
physiological properties at the CA3-CAl synapse. To this end,
CA3-originating Schaffer collateral fibers were externally stimulated,
and excitatory post-synaptic potentials (fEPSPs) were recorded in
the apical dendritic layer of the CA1l region of Kat2a cKO and
control littermates. In both groups, stimulation strength was well
correlated with the elicited fEPSP slope, yielding similar linear
input/output curves (Supplementary Fig S3). This indicated normal
basal synaptic transmission at the CA3-CA1 synapse. Also paired-
pulse facilitation, a form of short-term plasticity that reflects the
probability of presynaptic transmitter release, was indistinguishable
between Kat2a cKO and control mice (Supplementary Fig S3). To
measure long-term plasticity, we analyzed long-term potentiation
(LTP) in Kat2a cKO and control littermates. Baseline fEPSP slopes
were similar in both groups during the first 45 min of the measure-
ment (Fig 3I). While robust LTP was induced in control mice, the
corresponding fEPSP slope in Kat2a cKO was significantly reduced
and showed a faster decay back to baseline (Fig 3I). These data indi-
cate that basal synaptic transmission in Kat2a cKO mice is intact but
long-term plasticity at the CA3-CA1l synapse is impaired, which is
most likely due to the deregulation of postsynaptic processes in the
CALl cells. These findings are in line with our data showing high
levels of KAT2A in the CA1 region when compared to CA3, and the
fact that impaired spatial memory formation is observed in Kat2a
cKO mice.

Figure 1. Kat2a is highly expressed in the adult forebrain and dispensable for maintenance of gross brain morphology.

A RNA was isolated from the hippocampal CAL region of wild-type mice (n = 6) and subjected to RNA sequencing. Quantitative expression analysis revealed that of all

HATSs, Kat2a showed the highest expression.

B qPCR analysis for Kat2a in the adult brain of wild-type mice (n = 5). Data were normalized and compared to the levels in the cerebellum (one-way ANOVA with

Holm-Sidak-corrected multiple comparisons, ***P < 0.001; **P < 0.01, *P < 0.05).

C Quantitative immunoblot analysis of Kat2a in the adult brain of wild-type mice (n = 3). Representative immunoblot images (upper panel) and quantification (lower
panel) are shown. Data were normalized and compared to Kat2a levels in the cerebellum. Actin served as a loading control (one-way ANOVA with Holm-Sidak-

corrected multiple comparisons, ***P < 0.001 versus cerebellum).

D qPCR analysis for Kat2a in the adult brain of Kat2a cKO and control mice (two-way ANOVA with Sidak-corrected multiple comparisons, **P < 0.01, ***P < 0.001

versus control).

E Representative images showing immunoblot analysis for Kat2a in subcellular protein fractions (upper panel) and nuclear KAT2A levels (lower panel) in the
hippocampus of control and Kat2a cKO mice. Actin and nuclear histone H4 were used for quality control. Quantification (n = 4, two-sided t-test, ***P < 0.001) is

shown on the right.

F Representative images showing immunostaining for Kat2a in the hippocampal CA1 region of control and Kat2a cKO mice. DAPI was used to stain nuclei. Note the
nuclear signal for Kat2a in control mice, which is absent in Kat2a cKO mice. Scale bar, 150 um.

G Representative images showing NeuN, SVP2, SVP, and GFAP immunoreactivity in control and Kat2a cKO mice (n = 4/group). Scale bar, 250 pm. CA1, hippocampal
subfield CA1; CA3, hippocampal subfield CA3; DG, dentate gyrus; Cb, cerebellum, Cx, cortex, py, pyramidal cell layer of CAL region, NeuN, neuronal nuclei (Rbfox3),

SVP2, synaptoporin; SVP, synaptophysin; GFAP, glia fibrillary acidic protein.

Data information: Error bars indicate s.e.m.

© 2014 The Authors
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No difference was observed when the distance traveled, and the average speed during a 5-min exposure to an open field was compared between Kat2a cKO (n = 11)
and control mice (n = 16).

Basal anxiety in the open field test. The time spent in the center of the open field arena was similar among Kat2a cKO (n = 16) and control mice (n = 24).
Representative tracking plots during the 5-min open field exposure are shown on the right.

When exposed to the elevated plus maze test, the time spent in the open arms was similar in Kat2a cKO (n = 11) and control mice (n = 16).

During the rotarod test, Kat2a cKO (n = 11) and control mice (n = 10) spent a similar amount of time on the rotating rod in all trials, with both groups increasing
performance during trials.

The number of successful alternations in the cross maze test was similar when we compared Kat2a cKO (n = 10) and control mice (n = 14) and higher than chance
level in both groups (one-sample t-test, ***P < 0.001).

In a novel object recognition test protocol designed to test for short-term memory, Kat2a cKO (n = 16) and control mice (n = 24) showed a similar preference for the
novel object (one-sample t-test, ***P < 0.001) when comparing the preference index to chance level for each genotype. There was no significant difference among
genotypes for the performance during the test sessions (two-sided t-test, P = 0.6446).

When Kat2a cKO (n = 16) and control mice (n = 24) were exposed to a novel object recognition paradigm designed to test long-term memory consolidation, the
object preference index was significantly decreased in Kat2a cKO compared to control mice (two-sided t-test, “P < 0.05), while preference for the novel object was
significant in both groups (one-sample t-test, ***P < 0.001, **P < 0.01).

Upper panel: Response to the electric foot shock during contextual fear-conditioning training was similar among groups (control mice, n = 15; Kat2a cKO mice,

n = 11). Lower panel: Baseline-freezing behavior during the training was similar among groups. Kat2a cKO mice showed reduced freezing behavior during the
memory test, when compared to control group (*P < 0.05).

Data information: Error bars indicate s.e.m.
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Kat2a regulates a hippocampal gene expression network linked
to neuroactive ligand-receptor signaling

To further elucidate the molecular mechanisms by which Kat2a
contributes to memory formation, we employed paired-end RNA
sequencing. This allowed us to analyze the Kat2a-dependent gene
expression program in the hippocampal CA1 region of adult mice in
an unbiased and quantitative manner. We designed a 4-arm
approach comparing naive Kat2a cKO and control mice as well as
Kat2a cKO and control mice 1 h after a 15-min exposure to a novel
context. Using this experimental setup, we were able to capture
both, basal and stimulus-induced Kat2a-dependent gene expression
(Fig 4A). When comparing the expression of genes in naive control
versus naive Kat2a cKO mice, we detected 96 differentially
expressed genes, including the gene coding for Kat2a that was—as
expected—down-regulated in Kat2a cKO mice (Fig 4B, Supplemen-
tary Table S2). When we analyzed the gene expression pattern in
response to novelty exposure, we observed a total of 209 genes that
were differentially expressed between Kat2a cKO and control mice
(Fig 4C, Supplementary Table S2). Although 50 of these genes were
attributed to the deletion of Kat2a independent of novelty exposure,
these data suggest that deregulation of the hippocampal CAl tran-
scriptome in mice lacking Kat2a is increased in response to novelty
exposure (Fig 4D). Pathway analysis revealed that the genes
affected by the loss of Kat2a form a tightly interconnected network
(Supplementary Fig S4) in which we identified the neuroactive
ligand-receptor signaling pathway as a major component (Supple-
mentary Fig S4, Supplementary Table S3). Since this was true both
for naive or novelty-exposed mice, we decided to validate down-
regulation of selected genes in the hippocampal CA1 region of naive
Kat2a cKO and control littermates via qPCR. We could confirm
differential expression of key genes linked to neuroactive ligand—
receptor signaling, including down-regulation of different serotonin
receptor genes (5-hydroxytryptamine receptor; Htr genes) such as
Htrla, Htrlb, Htr2a, and Htr2c (Fig 4E). We furthermore confirmed
down-regulation of the Hertr2 gene coding for the Hypocretin/Orexin
receptor 2, the Penk gene coding for the Proenkephalin and the
Npbwrl gene encoding the neuropeptide B/W receptor 1 (Fig 4E).
All of these genes have been linked to memory function (see Discus-
sion), and thus, deregulation of these genes provides a reasonable
explanation for the observed phenotypes in Kat2a cKO mice.

In addition to protein-coding transcriptome analysis, we also
investigated the microRNAome (miRNome) in the hippocampal CA1
region of Kat2a cKO and control mice using small RNA sequencing.
While the miRNome of the whole hippocampus has been reported
before (Pena et al, 2009; Zovoilis et al, 2011), to our knowledge this
is the first miRNome analysis of a hippocampal subfield. We
detected the expression of 495 miRNAs (Supplementary Table S4).
When compared to the miRNome of the entire hippocampus, we
found substantial differences, indicating region-specific functions
for hippocampal miRNAs (Supplementary Fig SSA). Among the Top
50 miRNAs, there were many candidates that have been linked to
memory function in previous studies. However, when we compared
miRNA expression in Kat2a cKO and control mice, we did not detect
any significant differences (Supplementary Fig S5B; Supplementary
Table S4) suggesting that the observed phenotype in Kat2a cKO
mice is independent of miRNA regulation and that Kat2a is not
involved in miRNA expression.

© 2014 The Authors

The EMBO Journal

Kat2a associates with NF-kB

The question remained how histone-modifying enzymes such as
Kat2a acquire specificity toward certain functional genomic loci.
We thus explored the possibility that Kat2a regulates selected
genes in concert with the action of DNA-binding enzymes such as
transcription factors (TF) and analyzed the promoter regions of
genes differentially regulated in Kat2a cKO mice (Supplementary
Table S2) for common motifs and TF binding sites. This revealed a
significant enrichment for the binding motif of nuclear factor
kappa-light-chain-enhancer of activated B-cell complex (NF-xB), a
TF complex linked to hippocampus-dependent memory function
(Fig 4F) (Meffert et al, 2003; Ahn et al, 2008). These data
suggested that NF-kB could be a key player involved in the recruit-
ment of Kat2a to its target genes. Transcriptional activation by
the prototypical NF-xB dimeric complex critically involves the RelA
subunit (p65) (Schmitz et al, 2004; Chen & Greene, 2004), and
concomitant promoter binding of Kat2a and p65 has been linked to
active gene expression before (Lusic et al, 2003; Meffert & Baltimore,
2005). Moreover, p65 function is regulated by acetylation of
lysine residue 310 (Chen et al, 2001; Schmitz et al, 2004) and has
been implicated in hippocampus-dependent memory formation
(Meffert et al, 2003). On the basis of this evidence, we further
investigated the role of p65 in Kat2a-mediated gene expression
during memory formation. Co-immunoprecipitation experiments
showed that Kat2a interact with acetylated as well as non-
acetylated p65 in the hippocampal CA1 region of wild-type mice
(Fig 4G). Tissue obtained from Kat2a cKO mice as well as IgG
precipitations served as negative controls. Because these data
further supported a role of p65 in Kat2a-mediated gene expression
in the hippocampus, we analyzed the levels of p65K310ac, p65 as
well as histone 3 (H3) acetylated at lysine 14 (H3K14ac) and lysine
18 (H3K18ac) and histone 4 (H4) acetylated at lysine 12 (H4K12ac)
at predicted NF-xB binding motifs within the promoters of genes
that are likely to be direct Kat2a targets (Fig 4H, Supplementary
Fig S4). Chromatin immunoprecipitation (ChIP) revealed that
promoter binding of p65, p65K310ac, and corresponding histone
acetylation was significantly reduced in Kat2a cKO mice when
compared to the control group. This was not the case for selected
known NF-kB target genes, which were not differentially expressed
between control and Kat2a cKO mice and are therefore unlikely to
be Kat2a-regulated target genes (Supplementary Fig S4). In conclu-
sion, these data provide further evidence that NF-«xB plays a role in
Kat2a-mediated gene expression.

Discussion

The role of histone acetylation in the adult brain is gaining increas-
ing attention because targeting HATs and HDACs has emerged as a
promising therapeutic strategy to treat neurodegenerative diseases
(Fischer et al, 2010; Fischer, 2014). As such, pharmacological inhi-
bition of HDAC proteins (Fischer et al, 2007; Kilgore et al, 2010;
Ricobaraza et al, 2009; Govindarajan et al, 2011; Govindarajan
et al, 2013) or activation of HATSs (Selvi et al, 2010; Chatterjee et al,
2013; Schneider et al, 2013) was found to facilitate cognitive func-
tion in preclinical studies. The development of more specific phar-
macological compounds is, however, hindered by the fact that
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knowledge about the 11 HDACs and 18 HATs encoded in the human
and mouse genome is still limited. This is particularly true for the
HATs. A role in memory function has been investigated for only
three of the existing 18 HATs, namely KAT3A (CBP) (Alarcon et al,
2004; Korzus et al, 2004; Wood et al, 2005; Chen et al, 2010; Valor
et al, 2011), the related KAT3B (p300) (Oliveira et al, 2007), and
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KAT2B (PCAF) (Maurice et al, 2008). By employing RNA sequenc-
ing on tissue obtained from the mouse hippocampal CA1 region, we
were able to detect expression of all HATs. However, highest
expression was observed for Kat2a, more widely known as GcnS.
We chose the CAl region because of its well-established role in
memory consolidation and neurodegenerative diseases (Gallagher &
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Koh, 2011; Howard & Eichenbaum, 2013). Notably, also Kat5
showed very high expression in the CA1, which was recently impli-
cated in neuronal function in a Drosophila model of Alzheimer’s
disease (Pirooznia et al, 2012). More research to investigate the
function of this and the other HATs in memory formation is there-
fore warranted.

When Kat2a levels were compared in different brain regions,
highest expression was seen in the hippocampal formation, which is
in congruence with data available via the Allen Brain Atlas (http://
mouse.brain-map.org/). While the level of gene expression does not
necessarily translate directly into protein levels, we could detect
high levels of Kat2a protein in the hippocampus, especially in the
CALl region, when compared to other brain regions. Immunohisto-
chemical as well as immunoblot analysis showed that Kat2a is
localized to the nucleus, which is in line with its documented role in
histone acetylation and gene expression. These data suggested
a possible role of Kat2a in memory function. Indeed, deletion of
Kat2a from excitatory forebrain neurons caused memory impair-
ment in three different tests all requiring intact hippocampal func-
tion. Consistent with previous studies in which CamKIla-driven
expression of CRE was used to generate forebrain-specific knockout
of target genes (Minichiello et al, 1999; Kuczera et al, 2010), loss of
Kat2a in the forebrain was not complete. About 18% of the corre-
sponding mRNA and protein levels were still present, most likely
due to Kat2a expression in glia cells and in inhibitory neurons. In
turn, these data suggest that the vast majority of Kat2a is expressed
in excitatory neurons. Notably, memory impairment was specific for
the consolidation of long-term memories since short-term memory
was unaffected in Kat2a cKO mice as measured in two different
tests. Impairment in memory consolidation was paralleled by
impaired hippocampal plasticity, namely reduced LTP at the CA3-
CA1 synapse, which is considered to be a molecular correlate of
memory function. These data further suggested a specific role of
hippocampal Kat2a in memory formation. We could confirm this
hypothesis by showing that the specific deletion of Kat2a from the
hippocampal CA1l region by viral-mediated expression of CRE
causes a similarly severe impairment in spatial long-term memory
consolidation as in Kat2a cKO mice. Together with our finding that
Kat2a expression was highest in the hippocampus, specifically in
the CA1 region, this experiment suggests that lack of Kat2a from
the CA1 significantly contributes to the phenotype observed in
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Kat2a cKO mice. However, our results do not rule out the possibility
that Kat2a has important functions in other brain regions.

Interestingly, Kat3a (Cbp, Crebbp), which has been previously
studied for its role in memory formation, showed rather low expres-
sion levels in the hippocampal CA1 region. It is therefore interesting
to note that the studies investigating KAT3A function in memory
performance have often focused on the whole hippocampus and
consistently showed that loss of KAT3A leads to impaired object
recognition learning or fear conditioning while water maze learning
—that highly depends on the hippocampal CA1l region—was
impaired in some but not all studies (Korzus et al, 2004; Alarcon
et al, 2004; Chen et al, 2010; Josselyn, 2005). These data might
reflect specific expression patterns of HATs. In our study, we find
that loss of Kat2a leads to very robust impairment in the water maze
task while novel object recognition learning and fear conditioning
are rather mildly impaired. We speculate that this could be
explained in part by a region-specific role of HATs in memory
formation, with Kat2a being particularly important for cognitive
tasks linked to the CA1 region.

Since long-term memory consolidation critically depends on
tightly regulated gene expression programs, our data suggest that
the observed cognitive phenotypes are—at least in part—mechanis-
tically linked to Kat2a-mediated gene expression. On this basis, we
decided to study the role of Kat2a in hippocampal gene expression
by performing paired-end RNA sequencing of the CAl region in
naive Kat2a cKO and control mice as well as in mice that were
exposed to a novelty stimulus. We took this approach because there
is evidence that counteracting HATs and HDACs do not only regu-
late basal gene expression, but their activities become increasingly
important during stimulus-induced gene expression changes (Peleg
et al, 2010; Lopez-Atalaya et al, 2011). We could detect a number of
differentially expressed genes in naive and in novelty-exposed Kat2a
cKO mice. The Kat2a gene was the most significantly down-regu-
lated gene, which validated our analysis pipeline. Importantly, we
did not detect compensatory expression of other HATs or HDACs in
any of the experimental groups, suggesting a non-redundant func-
tion of Kat2a. Pathway enrichment analysis revealed that under all
conditions, the loss of Kat2a affects neuroactive ligand-receptor
signaling. We could confirm the down-regulation of key genes
within this pathway in Kat2a cKO mice. Specifically, down-regula-
tion of serotonin receptors Htrla, Htrlb, Htr2a, and Htr2c was

Figure 3. Kat2a expressed in the CA1 region is necessary for plasticity and memory formation.

A Escape latency to find the hidden platform was significantly impaired throughout the training days in Kat2a cKO mice (n = 9) when compared to the control group
(n = 15; repeated-measures (rm) ANOVA, ***P < 0.001, Fq15,) = 18.04). Escape latency to a visual platform (VP) was similar among groups (n = 10/group).

B Average swim speed during the water maze test was similar among groups (control mice, n = 15; Kat2a cKO mice, n = 9).

C During probe test, only control mice spent significantly more time on the target quadrant (TQ), when compared to the other three quadrants (T1-3) (two-sided t-test,

*P < 0.05). Representative swim paths during probe test are shown on the right.

D During probe test, the number of platform crossings was significantly lower in Kat2a cKO mice when compared to the control group (two-sided t-test, *P < 0.05).

E gPCR analysis for Kat2a shows the reduction of Kat2a expression in Kat2a™ AAV-CRE mice (n = 3) when compared to wild-type littermates transfected with Kat2a

AAV-CRE (n = 6) (*P < 0.05).

+/+

F In the water maze test, escape latency was significantly impaired in Kat2a™" AAV-CRE mice (n = 14) when compared to the Kat2a*'* AAV-CRE group (n = 15;
rmANOVA, ***P < 0.001, F(1,,7 = 19.22). Representative swim paths are shown on the right.
G The Kat2a** AAV-CRE group showed a significant preference for the target quadrant (two-sided t-test, *P < 0.05 for TQ versus T1-3).

H The number of platform crossings during probe test was significantly decreased in Kat2a

I/l AAV-CRE mice when compared to the control group (*P < 0.05).

| Hippocampal LTP was significantly impaired in slices from Kat2a cKO mice when compared to control slices (n = 5/group) (rmANOVA, main effect of time:
Flogs, 2080) = 116.9, P < 0.001, main effect of genotype: F;, gy = 83, P = 0.021, interaction: Fgs, 2280) = 3.3, P < 0.001).

Data information: Error bars indicate s.e.m.
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detected. The serotonergic system in the adult brain is complex, and
thus, the existing pharmacological and genetic data are not always
conclusive. Yet there is sufficient evidence for a critical role of sero-
tonin receptor signaling in memory formation, and its deregulation
has been linked to cognitive dysfunction (Bert et al, 2008). The
Htr2a gene has been linked to hippocampal novelty processing and
memory formation in humans (De Quervain et al, 2003; Reynolds
et al, 2006; Sigmund et al, 2008; Schott et al, 2011). Moreover,
Htr2a expression was decreased in rats that were treated with
amyloid beta peptides that cause memory impairments (Christensen
et al, 2008), and HTR2A binding capacity is decreased in the brains
of AD patients (Meltzer et al, 1998; Marner et al, 2012). Further-
more, activation of HTR2A facilitates hippocampus-dependent
memory function in rodents while pharmacological inhibition had
the opposite effect (Alhaider et al, 1993; Zhang et al, 2013). Thus,
our data showing down-regulation of Htr2a in Kat2a cKO mice are
in full agreement with published reports. Altered editing and
increased expression of the Htr2c mRNA was observed in response
to water maze training in mice (Cavallaro et al, 2002; Du et al,
2007) which is in line with the previously reported transiently
increased expression of Kat2a after a learning stimulus (Peleg et al,
2010). In fact, we found that Htr2c editing was altered in Kat2a cKO
mice (Supplementary Fig S6, Supplementary Table S6). Also Htrla
has been implicated with cognitive function (Bert et al, 2008), and
in line with our data, Htrla knockout mice display impaired hippo-
campus-dependent spatial memory consolidation (Sarnyai et al,
2000). Moreover, we observed down-regulation of Hertr2, encoding
the receptor 2 for Hypocretin/Orexin. The Hypocretin/Orexin
system has been implicated with different cognitive functions and
various brain diseases (Mochizuki et al, 2011; Scott et al, 2011),
and in agreement with our findings, pharmacological inhibition of
orexin receptors in the hippocampal CA1l region was shown to
impair memory consolidation in the Morris water maze test in
rodents (Akbari et al, 2006; Akbari et al, 2007). Other genes that
were down-regulated in Kat2a cKO mice were Penk, which encodes
the endogenous opioid Proenkephalin, and Npbwrl, which encodes
the neuropeptides B/W receptor 1. The endogenous opioid system
has been linked to multiple cognitive processes (Bodnar, 2012)
including hippocampus-dependent memory consolidation (Jamot
et al, 2003; Jang et al, 2003; Meilandt et al, 2004). Moreover, the
expression of Penk in the rodent hippocampus is induced in

Figure 4. Kat2a regulates hippocampal gene expression.

A Experimental design.

B, C
©.
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response to NMDA-receptor-mediated LTP (Thompson et al, 2003).
Finally, mice that lack Npbwrl display impaired hippocampus-
dependent memory formation (Nagata-Kuroiwa et al, 2011). While
the collective down-regulation of the above-described genes linked
to neuroactive ligand-receptor signaling already provides a reason-
able explanation for the memory impairment observed in Kat2a cKO
mice, it is likely that the observed phenotypes are due to the deregu-
lation of multiple genes, reflecting a systems deregulation. Indeed,
our network analysis showed that genes deregulated in Kat2a cKO
mice are tightly connected and most likely represent direct as well
as indirect Kat2a targets. It is also important to note that we did
not observe any difference in microRNA expression in Kat2a cKO
mice. Since microRNAs have been implicated with memory function
(Zovoilis et al, 2011; Rajasethupathy et al, 2009; Gao et al,
2010; Konopka et al, 2010), these data further confirm a rather
specific role of Kat2a in the regulation of gene expression in the
hippocampus.

A recent study investigated the role of Kat2a in neuronal stem
cells (NSC) in the developing mouse brain. Loss of Kat2a led to
reduced NCS proliferation and a severe microcephaly phenotype
(Martinez-Cerdeno et al, 2012). Gene expression analysis revealed
that loss of Kat2a in these cells resulted in the down-regulation of
2,729 genes which is about 25 times more genes than we identified
in the CAl region of adult mice that lack Kat2a in excitatory
neurons. There was no overlap among the Kat2a-regulated gene in
NSC and excitatory neurons of the adult CAl region. While these
data are likely reflecting the different roles of Kat2a during develop-
ment and in the adult brain, it is interesting to note that the list of
genes regulated by Kat2a in the adult CA1 region shows no overlap
to genes identified by microarray approaches searching for hippo-
campal genes regulated by Kat3a/Cbp (Chen et al, 2010; Lopez-
Atalaya et al, 2013). In fact, it appears that in contrast to our
data on Kat2a, calcium signaling is a major pathway regulated by
Kat3a/Cbp (Chen et al, 2010). These data suggest that in the adult
hippocampus, Kat2a regulates a transcriptional program linked to
memory formation that is non-overlapping with genes regulated by
Kat3a/Cbp, which further supports a functional distinction of
Kat2a and Kat3a/Cbp as observed on the behavioral level. Since
compared to microarray data, RNA sequencing does not depend on
probe design and is readily available for comparisons of different
experiments, our data can be viewed as the starting point for a

Heat map showing the clustering of differentially expressed genes comparing the CA1 region of naive Kat2a cKO to naive control mice (B) or after novelty exposure

D  Venn diagram showing the up- and down-regulated genes in Kat2a cKO mice, grouped by treatment. The probability (P) to observe the respective overlaps by

chance is given.

E gPCR analysis shows validation of down-regulation of selected genes in the hippocampal CAL region of Kat2a cKO mice compared to the control group (n = 5/

group; two-sided t-test versus control, ***P < 0.001, **P < 0.01, *P < 0.05).

F Consensus sequence for NF-kB DNA-binding (JASPAR ID: MA0061.1) used to screen genes down-regulated in Kat2a cKO mice (left panel). The Top 5 results from

promoter analysis of differentially expressed genes using pScan (right panel).

G CAL1 tissue from control and Kat2a cKO mice was subjected to co-immunoprecipitation using different antibodies. RM: rabbit monoclonal antibody; RP: rabbit
polyclonal antibody. * indicates unspecific band just above the Kat2a signal that is visible in the IgG samples and in the IP for non-acetylated-p65.

H ChIP analysis from CAL tissue was performed for p65 binding and histone modifications at the promoter regions for Nbpwrl and Hcrtr2 genes. The upper panels
represent the NF-xB biding sites with the corresponding promoter regions for which primers were designed (n = 4/group) (two-sided t-test, *P < 0.05 versus

control).

Data information: Error bars indicate s.e.m.
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database that shall help to decipher the regulatory gene expression
networks of HATs in the adult brain.

To learn more about the putative mechanisms by which Kat2a
regulates hippocampal gene expression, we performed a promoter
analysis for the differentially regulated genes in the CAl region of
Kat2a cKO mice. Interestingly, there was a statistically significant
overrepresentation of NF-xB binding sites in this gene list. This is
of particular importance since NF-xB function has been linked to
hippocampus-dependent memory formation and plasticity (Meffert
et al, 2003; Meffert & Baltimore, 2005; Boccia et al, 2007; Ahn
et al, 2008; Boersma et al, 2011). Notably, when the same analysis
was performed using a random list of genes, no enrichment for
NF-kB was observed. Consistent with a role of NF-kB in Kat2a-
mediated gene expression, we found that Kat2a physically inter-
acts with the acetylated and non-acetylated NF-xB subunit p65
which is in line with the fact that a complex including p65 and
Kat2a has been linked to gene activation (Lusic et al, 2003), and
the fact that Kat2a can bind acetylated proteins via its bromodo-
main (Owen et al, 2000). For selected genes that were down-
regulated in Kat2a cKO mice, we performed a detailed promoter
analysis via ChIP and observed reduced levels of the acetylated
p65 protein and histone acetylation marks linked to active gene
expression at the corresponding promoter. Thus, our findings
suggest a scenario in which Kat2a interacts with NF-xB at the
promoter region of target genes, which activates gene expression
via acetylation of the p65 subunit and nearby histone tails. An
important role for this proposed mechanisms is further supported
by a recent study demonstrating that NF-kB-dependent histone
acetylation is required for hippocampal plasticity and memory
formation (Lopez-Atalaya et al, 2013; Federman et al, 2013). It is,
however, very likely that Kat2a also regulates genes independent
of NF-kB activity and that moreover other mechanisms controlled
by Kat2a function also contribute to the observed phenotypes. In
fact, we also provide evidence that Kat2a affects editing of the
Htr2c mRNA (Supplementary Fig S6). In conclusion, our data
show that Kat2a controls a gene expression network that is essen-
tial for hippocampal synaptic plasticity and long-term memory
formation and established Kat2a as a novel regulator of memory
function.

Material and Methods

Animals

Specific-pathogen-free (SPF) C57Bl6/J wild-type mice were obtained
from Janvier SAS. Mice were kept in individually ventilated cages
(32 x 16 x 14 cm, Techniplast) on a 12-h light/dark cycle with food
and water ad libitum. To obtain Kat2a conditional knockout (cKO)
mice, mice carrying a heterozygous ‘floxed’ allele of Kat2a (recog-
nized as Kat2a™?Ro" jn the MGI database) on a 129/Sv-C57BL/6J-
mixed background (Lin et al, 2008) were crossed to mice carrying a
transgenic construct for expressing the Cre recombinase under
control of the CamKIlIa promoter on a C57BL/6J background (recog-
nized as Tg(CamKIlo-cre)159KIn). This driver line is described as
expressing the Cre recombinase in adulthood with expression is
limited to the forebrain (Minichiello et al, 1999; Kuczera et al, 2010;
Kerimoglu et al, 2013). Unless otherwise stated, young adult mice at
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the age of 3-5 months were used for behavioral and molecular
analyses. Male and female mice were used in the different groups
where appropriate to avoid gender bias. For none of the groups,
sex-specific differences were observed. All procedures were
performed by experienced experimenters and according to protocols
approved by the Lower Saxony State Office for Consumer Protection
and Food Safety.

Behavioral analysis

Tracking and analysis was done using the Videomot2 tracking
system (Versions 7.02, TSE Systems) for all tests except Rotarod and
fear conditioning. Before and during testing, animals were housed
individually (males) or in groups of 24 (females) for at least
1 week.

Open field test
Animals were placed individually in a uniform-gray plastic arena
(50 x 50 x 40 cm) and allowed to explore the arena for 5 min.

Rotarod performance test

Motor function and performance was tested on the TSE RotaRod
system. Animals were placed in individual chambers on the rotat-
ing rod and habituated for four trials at 10 rpm, 3 min each.
Falling animals were placed back on the rod to continue training.
During four testing trials, rotation speed was linearly increasing
from 5 to 40 rpm for 3 min and kept at 40 rpm for another
1 min. Time between all trials was 6-12 h. Time until fall was
recorded by the supplier’s software for each animal during all
testing trials.

Elevated plus maze

Animals were placed individually in a uniform-gray plastic arena
consisting of two non-walled (open) and two walled (closed) arms
(10 x 40 cm each, walls were 40 cm high). Time spent in open
versus closed arms was measured.

Four-armed cross maze-exploration test

Spatial working memory was tested in a uniform-gray plastic arena
consisting of four numbered, walled arms (10 x 40 cm, angled 90°,
walls were 40 cm high). Animals were allowed to explore the arena
for 10 min. The sequence of arm entries was extracted, and success-
ful trials were counted. A successful trial was defined as entering an
arm that was not entered in one the last three trials.

Novel object recognition

Animals were habituated individually to a uniform-gray plastic
arena (50 x 50 cm, walls were 40 cm high) for 5 min on two
subsequent days. Animals were then further habituated to two
equal objects (objects A and A) placed in opposing corners of the
arena for 5 min on the next 2 days. On day 5, objects A and A
were exchanged by two new but equal objects (B), and animals
were allowed to explore the objects for 5 min. Then, mice were
sent back to their home cages for 5 min (for short-term memory
assessment, STM) and reintroduced to the arena after one object
was exchanged (objects B and C). After 24 h, object C was
exchanged for object D for long-term memory assessment (LTM).
Duration of object contacts was measured. Mice that only showed

© 2014 The Authors
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summed contact time of < 1 s were excluded from the analysis of
this test. Object preference was defined as (novel object)/sum
(both objects).

Fear conditioning

Fear conditioning was performed, recorded, and analyzed on the
NIR Video Fear Conditioning system (Med Associates Inc.) using
Video Freeze software. Mice were placed in a sound-protected box
supplied with white noise and allowed to explore the new context,
while baseline freezing was monitored. After 3 min, an electrical
foot shock (0.7 mA, 2 s) was delivered through the grid floor.
Twenty-four hours later, animals were reintroduced to the cage and
contextual freezing behavior was recorded for 3 min. Freezing was
counted in linear analysis mode if the Motion Index was below a
threshold of 50 for at least 1 s.

Morris water maze

Animals were placed in a circular pool (1.2 m diameter) containing
opaque water at ambient temperature (20-22°C) and a platform
submerged 1 cm below the water surface. The pool was equipped
with four visual cues for orientation. Escape latency was measured
on four trials per day. If they did not find it within 1 min, mice were
guided to the platform by the experimenter. Mice not finding the
platform within 1 min in any trial were removed from the analysis.
On the day of probe testing, the platform was removed and mice
were allowed to swim for 1 min. The percentage of time spent in
four virtual quadrants and the number of crossings were calculated.
For a visual form of the test, the submerged platform was flagged
with a visual cue. Please note that each experiment can only be
quantitatively compared to its own control group.

Novelty exposure

A plastic arena (50 x 50 x 40 cm) was enriched with four objects,
different in shape, size, color, and material. Mice were allowed to
explore the objects for 15 min while movements were monitored.
One hour after they were sent back to their home cages, mice were
sacrificed and tissue was isolated. Naive mice, taken directly from
their home cage, served as controls.

Immunohistochemistry

Fluorescent staining of target proteins was performed as previously
described (Peleg et al, 2010). In brief, mice were transcardially
perfused with 4% PFA, brains isolated, and post-fixed for another
16 h in 4% PFA. Free-floating cryosections (30 pm) were incubated
with 5% goat serum for blocking and followed by incubation with
target-specific primary antibodies (anti-Kat2a [C26A10, #3305, Cell
Signaling, 1:100], anti-NeuN [A60, MAB377, Merck Millipore,
1:1,000], anti-MAP2 [188002, Synaptic Systems, 1:1,000], anti-
Synaptoporin [1023002, Synaptic Systems, 1:1,000], anti-Synapto-
physin [S5768, Sigma, 1:1,000], anti-GFAP [G5601, Promega,
1:1,000], anti-PLP1 [gift, self-raised, 1:1,000]. For Kat2a stainings,
heat-mediated antigen retrieval was achieved by incubating the
sections in boiling-hot citrate buffer (10 mM sodium citrate, 0.1%
Triton X-100, pH 6.0) for 10 min before the blocking step. Corre-
sponding secondary antibodies were from Life Technologies
(anti-mouse Alexa-488 labeled, A11029; anti-rabbit Cy3 labeled,
A10520). Images were taken on a Leica SP2 confocal microscope.

© 2014 The Authors
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Immunoblotting

Protein extracts from subcellular compartments were obtained
using the ProteoExtract Subcellular Proteome Extraction Kit (Merck
Chemicals/Calbiochem). 10-40 pg of protein sample was loaded for
SDS-PAGE and blotted on nitrocellulose membrane, blocked, and
incubated with primary target-specific antibodies (anti-Kat2a
[C26A10, #3305, Cell Signaling, 1:1,000], anti-p-actin [AC-15,
sc-69879, Santa Cruz, 1:1,000], anti-Histone H4 [ab10158-100,
Abcam, 1:1,000]) as described before (Peleg et al, 2010).
Membranes were then incubated with corresponding secondary anti-
body (IRDye 800 anti-mouse or anti-rabbit), scanned, and results
quantified using the Odyssey Imaging system (LI-COR). Of note, we
have tested 10 Kat2a antibodies that all detected a band in the
wild-type and Kat2a cKO mice and were therefore considered to be
unspecific (NBP1-00845, Novus Biologicals; ab1831, ab61174,
ab137515, ab136235, ab71227 all Abcam; 07-1545, Millipore; 607201
Biolegend; 607302, Biolegend; sc-365321 (A-11), Santa Cruz).

RNA extraction

Total RNA was extracted using TRI Reagent (Sigma-Aldrich) as
described previously (Peleg et al, 2010). Following DNasel (Life
Technologies) treatment for 20 min at 37°C, RNA was again purified
using phenol-chloroform extraction.

qPCR

Quantitative real-time PCR (qPCR) was performed as described
before (Peleg et al, 2010). In summary, 1 pg of total RNA was used
for cDNA synthesis, and resulting cDNA was diluted 1:10. gPCR
was carried out using probes from the Universal Probe Library
(Roche) on a LightCycler 480 II (Roche) and analyzed using suppli-
ers software. Primers used can be found in Supplementary Table S5.

RNA sequencing and analysis

RNA was quality controlled using the 2100 Bioanalyzer (Agilent
Technologies). Library preparation and cluster generation for mRNA
sequencing was performed according to Illumina standard protocols
(TruSeq, Illumina). Libraries were quality controlled and quantified
using a Nanodrop 2000 (Thermo Scientific), Agilent 2100 Bioanalyzer
(Agilent Technologies), and Qubit (life Technologies). Small RNA
library preparation and sequencing was performed analogously.

A streamlined, customized bioinformatics approach was used.
Base calling from raw images and file conversion to fastg-files was
achieved by Illumina pipeline scripts. Subsequent steps included qual-
ity control (FastQC, www.bioinformatics.babraham.ac.uk/projects/
fastqc/), mapping to reference genome (STAR aligner v2.3.0,
(Djebali et al, 2012) non-default parameters). For comparison of
expression levels of the different HATs, SeqMonk (v0.24.1 www.
bioinformatics.babraham.ac.uk/projects/seqmonk/) was used. For
each sample, reads falling into the gene locus of each HAT were
counted, and this number was divided by the length of the gene and
the total number of reads in the sample to calculate RPKM. For call-
ing of differentially expressed genes, mapped reads were counted
with HTSeq v0.5.4p2 (http://www-huber.embl.de/users/anders/
HTSeq) (non-default parameters: -m intersection non-empty), and
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count tables were analyzed in pairwise comparisons using the
DESeq2 v1.2.5 R-package (Anders & Huber, 2010). Genes with a
log,(fold-change) = 0.5 and adjusted P-value < 0.1 were considered
differentially regulated. Functional annotation and category analysis
was carried out using the Database for Annotation, Visualization
and Integrated Discovery (DAVID, v6.7) (Huang et al, 2009).
Network analysis was performed using commercially available
Ingenuity software (Ingenuity Systems/Qiagen).

Compressed fastg-files and primary analysis tables from
mRNA and small RNA sequencing pipelines are made publicly
available at:
mRNA-seq: GEO (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?to
ken = cvsrouyyjhabbwp&acc = GSE53380)
smallRNAseq: GEO (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?token = sfmdseyktzgdbyl&acc = GSE53427)

Promoter analysis to search for overrepresented transcription
factor binding sites was done using the Pscan web interface
(Zambelli et al, 2009) (http://159.149.160.51/pscan/), scanning the
promoter region from 1000-bp upstream to the TSS comparing to
JASPAR descriptors. All Gene ID conversion was done using
BioMart database queries (www.ensembl.org/biomart/).

Chromatin immunoprecipitation

ChIP was carried out using a LowCell# ChIP kit (Diagenode) accord-
ing to the manufactures with the following changes as described
before (Kerimoglu et al, 2013). Homogenized tissue was fixed for
15 min in 1% formaldehyde. 3.5 pg of target-specific antibody (anti-
p65, ab7970, Abcam; anti-p65K310ac, ab52175, Abcam; anti-
H3K14ac, 07-353, Merck Millipore; anti-H3K18ac, ab1191, Abcam;
anti-H4K12ac, ab61238, Abcam) or control (IgG) was used per reac-
tion. 10 pl of cross-linked homogenate was used as input. Incuba-
tion of antibody-coupled Protein G-covered beads with target
chromatin was done over night. Reverse-crosslinking was done for
45 min. qPCR assays were performed on eluted DNA from precipi-
tated samples and corresponding input samples using SYBR Green I
Master (Roche) with primers specific for the predicted NF-xB bind-
ing region. Quantification was done relative to input samples and
then normalized to average levels of the control group (relative
enrichment). We have tested the following antibodies for KAT2
ChIP (NBP1-00845, Novus Biologicals; ab1831, Abcam; 07-1545,
Millipore; 3305, Cell Signaling; sc-20698 (H-75), Santa Cruz; 607201
Biolegend), but none of the antibodies showed any difference
between tissue obtained from wild-type of Kat2a cKO mice and were
therefore considered to be not suitable for ChIP experiments.

Co-immunoprecipitation

Target-specific antibodies (anti-p65K310ac, ab52175, Abcam; anti-
Kat2a, C26A10, #3305, Cell Signaling) and non-specific control (IgG)
were pre-coupled to surface-activated magnetic Dynabeads using an
antibody coupling kit (life Technologies) at 20 pg of antibody per
1 mg of beads. After coupling beads were equilibrated with IP buffer
(50 mM HEPES, 100mM NaCl, 0.5% NP-40, pH 7.8, complete prote-
ase inhibitors (Roche)).

Nuclear protein extract was obtained from dissected cortical
brain tissue using ProteoExtract Subcellular Proteome Extraction
Kit (Merck Chemicals/Calbiochem). 1 mg of nuclear protein was
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incubated with the pre-coupled beads for 20 h. Elution was
achieved by incubation of the antibody-antigen-bead complex with
non-reducing SDS-PAGE loading buffer (1 M Tris-HCI, 50% glyc-
erol, 10% SDS, 5 mM EDTA, 0.001% bromophenol blue for 10 min
at 70°C). qPCR was performed using SYBR green dye. Primers used
can be found in Supplementary Table S5. Primer binding specificity
was monitored by melting curve analysis.

Adeno-associated virus (AAV) injection

Viral particles for Cre expression under control of the hSyn promoter
were obtained from Penn Vector Core (AAV2/1.hsynapsin.
hGHintron.GFP-Cre. WPRE.SV40, University of Pennsylvania).
For Cre-AAV, stock was diluted 1:100 to result in 1.76 x 10° genome
copies per pl; 1 pl was injected per hemisphere. Coordinates for
injection were as follows (relative to bregma): anteroposterior
—1.75 mm, lateral —1 mm, dorsoventral —1.3 mm, targeting the
dorsal CAl region. Behavioral analysis was performed not before
2 weeks after injection.

Electrophysiology

Mice were euthanized by cervical dislocation. After decapitation,
the brain was quickly removed and placed into ice-cold artificial
cerebrospinal fluid (ACSF) with the following composition (in mM):
NaCl 124, KCI 4.9, MgS0, 1.3, CaCl, 2.5, KH,PO,4 1.2, NaHCO; 25.6,
D-glucose 10, saturated with 95% 0,/5% CO,, pH 7.4). Transverse
slices (400 um) were prepared using a tissue chopper with a cooled
stage and immediately transferred into a pre-chamber containing
8 ml of permanently carbogen-gasified ACSF for 2 h to allow recov-
ery from preparation stress. Slices were then transferred into a
submerged-type recording chamber and were allowed to adapt for
at least 30 min before the experiment started. The chamber was
constantly perfused with artificial cerebrospinal fluid (ACSF) at a
rate of 2.5 ml/min at 33 £ 1°C. Synaptic responses were elicited by
stimulation of the Schaffer collateral-commissural fibers in the stra-
tum radiatum of the CA1 region using lacquer-coated stainless steel
stimulating electrodes. Glass electrodes (filled with ACSF, 1-4 M()
were placed in the apical dendritic layer to record field excitatory
postsynaptic potentials (fEPSPs). The initial slope of the fEPSP was
used as a measure of this potential. The stimulus strength of the test
pulses was adjusted to 30% of the fEPSP maximum. During baseline
recording, single stimuli were applied every minute (0.0166 Hz).
Once a stable baseline had been established, LTP was induced by
applying 100 pulses at an interval of 10 ms and a width of the single
pulses of 0.2 ms (strong tetanus) three times at 10-min intervals.
The input-output relationship was obtained from a curve of fEPSP
amplitude versus stimulation intensity. For paired-pulse stimulation,
the stimulus strength of the test pulses was adjusted to 50% of the
fEPSP maximum. Paired-pulse stimulation was delivered with inter-
stimulus interval of 20 ms, and the paired-pulse ratio (PPR) was
calculated as the ratio of the second fEPSP amplitude to the first.

Statistics
Statistical analysis for behavioral and molecular analyses was

performed using GraphPad Prism 6d. Details of statistical analysis,
methods, and parameters are given in the figure legends. Statistical
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tests performed were based on data structure and included as
follows: one-way, two-way, or repeated-measures analysis of vari-
ance (l-way/2-way/rmANOVA), (Holm-)Sidak’s multiple testing
correction, the Benjamini-Hochberg procedure (FDR) (Benjamini &
Hochberg, 1995), Student’s t-test. Probability of overlap in Venn
diagrams was computed using an online tool (http://nemates.org/
MA/progs/overlap_stats.html).

Sample sizes used were based on the literature and previous
experience with the experiments. In addition to specific outlier defi-
nitions for some behavioral tests, outliers were defined as values
deviating more than two standard deviations from the mean. In all
experiments, groups were processed in an alternating order, and in
behavioral experiments, the experimenter was blinded toward the
genotype to avoid bias. Replicates were defined as biological repli-
cates. In some cases, technical replicates from the same biological
sample were averaged before performing statistical tests.

Supplementary information for this article is available online:
http://emboj.embopress.org
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