8072-8084 Nucleic Acids Research, 2013, Vol. 41, No. 17

doi:10.1093/nar[gkt590

Published online 1 July 2013

Genomic targets, and histone acetylation and gene
expression profiling of neural HDAC inhibition

Jose P. Lopez-Atalaya*, Satomi Ito, Luis M. Valor, Eva Benito and Angel Barco*

Instituto de Neurociencias de Alicante (Universidad Miguel Hernandez - Consejo Superior de Investigaciones
Cientificas), Campus de Sant Joan. Apt. 18. Sant Joan d’Alacant, 03550 Alicante, Spain

Received April 11, 2013; Revised June 10, 2013; Accepted June 12, 2013

ABSTRACT

Histone deacetylase inhibitors (HDACis) have been
shown to potentiate hippocampal-dependent
memory and synaptic plasticity and to ameliorate
cognitive deficits and degeneration in animal
models for different neuropsychiatric conditions.
However, the impact of these drugs on hippocampal
histone acetylation and gene expression profiles at
the genomic level, and the molecular mechanisms
that underlie their specificity and beneficial effects
in neural tissue, remains obscure. Here, we mapped
four relevant histone marks (H3K4me3, AcH3K9,14,
AcH4K12 and pan-AcH2B) in hippocampal chroma-
tin and investigated at the whole-genome level
the impact of HDAC inhibition on acetylation
profiles and basal and activity-driven gene ex-
pression. HDAC inhibition caused a dramatic
histone hyperacetylation that was largely restricted
to active loci pre-marked with H3K4me3 and
AcH3K9,14. In addition, the comparison of
Chromatin immunoprecipitation sequencing and
gene expression profiles indicated that
Trichostatin A-induced histone hyperacetylation,
like histone hypoacetylation induced by histone
acetyltransferase deficiency, had a modest impact
on hippocampal gene expression and did not affect
the transient transcriptional response to novelty
exposure. However, HDAC inhibition caused the
rapid induction of a homeostatic gene program
related to chromatin deacetylation. These results
illuminate both the relationship  between
hippocampal gene expression and histone acetyl-
ation and the mechanism of action of these import-
ant neuropsychiatric drugs.

INTRODUCTION

The acetylation of histone tails is an epigenetic modifi-
cation of the chromatin associated with active /loci
and regulated by the opposing activities of lysine
acetyltransferases (KATs) and histone deacetylases
(HDACGs) (1,2). Three independent lines of evidence
support a role for the regulation of histone acetylation
in neuronal plasticity and memory. First, the reduction
of neuronal KAT activity has been associated with
impaired intellectual abilities both in humans and mice
(3-5), whereas reductions in specific HDACs have been
associated with enhanced cognitive performance (6,7).
Second, HDAC inhibitors (HDAC:s) increase histone
acetylation and have been shown to potentiate memory
and synaptic plasticity and to ameliorate cognitive
deficits and neurodegeneration (3,4,8—13). Third, correla-
tive evidence indicates that histone acetylation is dynam-
ically regulated during memory formation (8,14).
According to this correlative evidence, it has been
hypothesized that the beneficial effects of HDACis in
neurons are mediated by the facilitation of specific tran-
scriptional responses (12,15). However, experiments in
yeast and other systems have cast doubts about an
active role of histone acetylation in the regulation of
gene expression (16-19). HDACis represent excellent
tools to manipulate the level of histone acetylation and
assess its consequences in transcription.

Here, we first used chromatin immunoprecipitation
coupled to deep sequencing (ChIPseq) and microarray
technologies to determine genome-wide histone acetyl-
ation profiles in the adult mouse hippocampus and to
define the relationship between key epigenetic marks and
neuronal gene expression. We next explored the impact on
gene expression and histone acetylation profiles of
Trichostatin A (TSA), an inhibitor of class I and IIb
HDACs that facilitates long-term potentiation and has
been postulated as a memory enhancer (4,8-11), but
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whose precise mechanism of action and molecular targets
in neurons remain largely unknown. Our experiments
demonstrated that TSA-triggered dramatic changes in
the genomic acetylation profiles that were largely re-
stricted to loci marked with H3K4me3 and AcH3K9,14
in the basal state. TSA also caused the induction of a set of
genes related to transcriptional repression and chromatin
deacetylation but, like hemideficiency for the KAT CREB
binding protein (CBP), had little impact on the induction
of immediate early genes (IEGs) by activity. Overall, our
experiments clarify both the relationship between
hippocampal gene expression and histone acetylation
and the mechanism of action of HDACI in neural tissue.

MATERIALS AND METHODS
Animals and treatments

Experiments were performed in adult (3—5 months) C57/
DBA F1 hybrid females. TSA (Sigma Aldrich Quimica
S.A)) 2,4mg/kg was administered by intraperitoneal
injection. Chp™’~ mice have been previously described
(3,20). Exposure to novelty consisted of placing an indi-
vidual animal in a white Plexiglas square box containing
plastic tubing and small toys for 1h. All experimental
protocols were compliant with European regulations and
approved by the Institutional Animal Care and Use
Committee.

Gene expression and ChIP analyses

A summary of the different expression and ChIPseq ex-
periments that are part of this study is presented in
Supplementary Figure S1. Western blot, quantitative
RT-PCR (RT-qPCR) and microarray analyses were per-
formed as previously described (20,21). The lists of TSA-
and novelty-regulated transcripts were retrieved using
unpaired #-test and two-way analysis of variance
(ANOVA). ChIP was performed as described previously
(20) and ChIP-qPCR assays were performed using specific
primers immediately upstream of the transcription start
site (TSS). For ChIPseq, whole hippocampi from three
mice were pooled in each sample to perform ChIP.
Diluted chromatin was incubated overnight at 4°C in the
presence of specific antibody against AcH3K9,14
(Millipore, 06-599), AcH4KI12 (abcam, ab46983),
AcH2B (21) or H3K4me3 (Millipore, 07-473) or rabbit-
derived pre-immune serum (see Supplemental Methods
and Supplementary Figure S2 for additional detail). The
SICER algorithm (22) was used to extract acetylation-
enriched chromatin regions (pooled input and control
libraries was used as control library). See Supplementary
Table S1 for information on library size, preparation
and additional details. The files generated in the micro-
arrays and ChIPseq screens are available at the Gene
Expression Omnibus database with the accession
number GSE44868.

See Supplemental Materials and Methods for additional
details.
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RESULTS

Genome-wide mapping of histone acetylation and histone
H3 trimethylation in the adult mouse hippocampus

We focused on three specific aceylation marks: (i)
AcH3K9,14 that is considered to be a reliable marker
for active gene expression and has been associated with
memory processes (8); (i) AcH4K12 that is associated
with age-related memory impairment (23); and (iii)
AcH2B that is highly dependent on the KAT activity
encoded by the intellectual disability gene CREBBP (3,5)
and has been involved in memory consolidation (24). We
also determined, for the first time in the adult hippocam-
pus, the genomic profile of H3K4me3 that labels active
promoters (25).

ChIPseq  profiles  were  highly  reproducible
(Supplementary Figure S3) and revealed thousands of
discrete genomic regions (referred to as islands) that
were enriched in these epigenetic marks and that prefer-
entially mapped in promoters and intragenic regions
(Figure 1A and B and Supplementary Figure S4A,
Supplementary Data Set S1). AcH3K9,14 and H3K4me3
defined sharp peaks that overlapped with the TSS,
whereas AcH2B enrichment was frequently observed
onto the coding sequence. AcH4K 12 presented an inter-
mediate profile with islands that were broader and blunter
than those of AcH3K9,14 and that frequently included the
TSS (Figure 1C). Despite the differences, the enrichment
around TSS for the three acetylation marks showed a
highly significant correlation (Supplementary Figure
S4B), and their overlap, especially when we considered
their coincidence at the level of gene loci, was high
(Supplementary Figure S4C). The three acetylation
marks were also enriched at putative enhancer regions
(26,27) bound by the KATs p300 and CBP (Figure 1D).
Interestingly and consistently with the substrate prefer-
ence reported for these KATs (28), the relative enrichment
of AcH2B at these regions was double than for AcH4K 12
and 5-7-fold higher than for AcH3K9,14 or H3K4me3
(Figure 1E).

Histone acetylation in the adult mouse hippocampus
correlates with gene expression

Acetylation at TSSs and mRNA expression levels showed
good correlation. Highly transcribed genes according to
the estimation provided by the microarray analysis ex-
hibited strong acetylation in both intragenic sequences
(Figure 2A) and around the TSS (Figure 2B), whereas
silent genes were depleted of the three acetylation marks
(Supplementary Figure S5). Gene ranking by acetylation
level led to the same conclusion (Figure 2C). Interestingly,
above a given level of expression, the correlation between
expression level and enrichment was weaker.

The comparison of expression levels in the intersection
groups for the different marks (Figure 2D) revealed a
striking pattern: genes that were trimethylated at H3K4
but not acetylated at their proximal promoter (TSS) ex-
hibited low expression levels, whereas genes in which both
trimethylation and acetylation concurred at the TSSs
belonged to the highly expressed group (Figure 2E).
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Figure 1. Histone acetylation marks are enriched in gene and enhancer sequences. (A) Density heatmap showing the coverage for each epigenetic
mark across 10kb centered at the TSS of each RefSeq gene. Individual sequences were binned in 25 bp windows (400 bins per sequence), and
coverage was computed and plotted as a relative color intensity scale. In all representations, RefSeq genes were ranked according to their H3K4me3
levels. (B) Pie charts present the distribution of H3K4me3, AcH3K9,14, AcH4K12 and AcH2B islands among different gene features: SUTR,
overlapping with TSS (including islands comprising the whole gene); 3'UTR, overlapping with gene end; intragenic, inside exons or introns excluding
the islands that overlapped with the 5 or 3’-end of the gene; intergenic, upstream and downstream of genes. (C) Median width of H3K4me3,
AcH3K9,14, AcH4K 12 and AcH2B islands. (D) Mean enrichment profiles presenting the genomic distribution of reads for H3K4me3, AcH3K?9,14,
AcH4K 12 and AcH2B along putative neuronal CBP enhancers (left) and brain-specific p300-bound sites (right). (E) Relative coverage of TSSs and

enhancers by the different epigenetic marks.

This trend was especially significant for the ~400 genes in
the overlap of H3K4me3 and AcH2B, which were on
average positioned above the top quartile of genes
ranked according to expression in hippocampal tissue.
Almost 100% of those genes were also labeled with
AcH3K9,14, and most were labeled with AcH4K12.
More than 95% of the islands for AcH4K12 and
AcH2B mapped to loci enriched for AcH3K9,14,
whereas many genes exhibiting AcH3K9,14 did not
show the other acetylation marks (Figure 2F). Two con-
clusions were drawn from this analysis. First, although
H3K4me3 is generally associated with active transcrip-
tion, this mark does not determine by itself the transcrip-
tional activity of the locus. Second, we observed a
hierarchy between the different acetylation marks, in
which AcH3K9,14 seems to instruct the other two acetyl-
ation marks.

TSA-induced hyperacetylation targets active loci
marked with H3K4me3 and AcH3K9,14 and
associated with NF-kB binding sites

TSA causes a dramatic but transient increase in bulk chro-
matin acetylation in the hippocampus in vivo (Figure 3A),

indicating that this compound crosses the blood—brain
barrier and is then efficiently cleared by the organism.
We next investigated the histone acetylation profiles
30 min after TSA injection when histone hyperacetylation
was at its peak (Supplementary Figure S6). TSA increased
the number of acetylation islands by 51, 128 and 18% for
AcH3K9,14, AcH4K 12 and AcH2B, respectively, which
represents a prominent increase in the coverage of the
mouse genome by these marks (Figure 3B). A differential
enrichment screen identified thousands of islands signifi-
cantly altered in the comparison of vehicle- and TSA-
treated mice (Figure 3C and Supplementary Dataset S2).
The impact of TSA was clearly observed at TSSs
(Figure 3D), intragenic regions (Supplementary Figure
S7A) and putative enhancers (Supplementary Figure
S7B). Furthermore, our screen identified hundreds of
acetylation islands that responded to the drug and were
not associated with annotated genes (>10 kb from RefSeq
genes) nor overlapped with CBP/p300 putative enhancers
(Supplementary Figures S7C and D).

Interestingly, the mapping of de novo acetylation
revealed that most of the AcH3K9,14 islands that
appeared in response to TSA were located in intragenic
regions of genes that already had this mark at the
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Figure 2. Histone acetylation is associated with active transcription. (A) Distribution of reads along gene length for the four epigenetic marks. Genes
were ranked according to relative mRNA expression levels and split into five equal sets. (B) Mean enrichment profiles similar to those in A, but
around all annotated TSSs. (C). AcH3K9,14 density heatmap for all RefSeqs (ranked according to their AcH3K9,14 levels around the TSSs) is
presented along with relative mRNA values (scatter plot). (D) Overlap between TSSs harboring islands for H3K4me3, AcH3K9,14, AcH4K 12 and
AcH2B. (E) Boxplot showing the relative mRNA expression values for genes harboring an H3K4me3 island at their TSS either alone (H3K4me3 No
Ac) or in combination with any of the acetylation marks (AcH3K9,14, AcH4K 12 and AcH2B). Boxes correspond to the intersection between each
hyperacetylation mark and H3K4me3 (gray colored area) shown in (D). The distribution of expression values for the whole array (Mo Gene 1.0ST)
is also shown. (F) Ratio of TSSs with an H3K4me3 island that contain one or more acetylation marks.

promoter in the basal state (Figure 4A and B). The rare
de novo AcH3K9,14 islands labeling new genes mapped
onto promoters pre-marked with H3K4me3 but lacking
any acetylation mark (Figure 4C). In contrast, the
presence of de novo AcH2B and AcH4K12 islands
coincided in almost 100% of the cases with the pres-
ence of both AcH3K9,14 and H3K4me3 at the TSS
(Figure 4C). In agreement with the role of AcH3K9,14
and H3K4me3 marks as anchorages for TSA-induced
hyperacetylation and their association with active tran-
scription, we found that the magnitude of
hyperacetylation at the TSS correlated with the transcrip-
tional rate of the gene. Thus, highly expressed genes
underwent strong hyperacetylation, whereas low or non-

expressed genes were basically not affected by HDAC in-
hibition (Figure 4D, slopes >1). Interestingly, AcH4K 12
and AcH2B hyperacetylations were similar in the top 20%
and the 20—40% group, indicating that above a given level
of expression, TSA did not cause a greater increase in
these marks.

To determine whether TSA-hyperacetylation at TSSs
was associated with the presence of specific transcription
factor-binding sites (TFBSs), we examined the enrichment
profiles of the 130 TFBSs included in the JASPAR
database. As expected, according to our acetylation/ex-
pression correlation analysis, the profiles were similar in
TSA-hyperacetylated and in highly expressed genes. The
deviations from this pattern indicate that TSA may

$20z 111dy 6z uo Jasn JNZ@ usbunyuesg aAneisuabapoinap Jn) wnuaz seyosine Aq 88Z1 L +2/2208/2 /1 b/elonle/ eu;woo dnoolwepeoe//:sdiy woll papeojumod



8076 Nucleic Acids Research, 2013, Vol. 41, No. 17

A TSA 2.4 mg/kg B
L1 Veh ) time (min)
Il 15 min - T - 7 7
M 75 min S A
. O150mn > = R 28 %6
_4 [ 300 min AcH2AK5,9 o 31
% 3 [F=—" "] AcH2Bpan & sl
= [F==————1 AcH3K9,14 < 3]
g2 =~ === "] AcH4pan © 27
& = = == ] AcH4K12 ® 1;
e I £ 0-
== ETEL ST
QR & [=———————] p-actin DO O
?\O
C 1 o | o |
AcH3K9,14 © 1 AcH4K12 N1 AcH2B
g8 -
g SE
Q. o |
22 T
g & . -
32-10123 32-10123 32-10123
log2 fold change log2 fold change log2 fold change
D o | 1
o |7 Veh AcH3 --Veh AcH4 - Veh AcH2B
N TSA K9,14 | o |~ TSA Ki2 | ©{—TSA
% w |~ input — input
= v
(o]
© 0 N ==
o o —

-3 -2 -1«%‘51 2 3

Distance (kb)

Distance (kb)

-3 -2 -1&%%1 2 3 -4 -2&(.0%2 4

Distance (kb)

Figure 3. TSA targets transcriptionally active genes. (A) Densitometric quantification of western blot data (left) and representative western blot
images (right) of hippocampal bulk histone acetylation levels at different time points after TSA or vehicle (Veh) injection. *P < 0.05, Student’s z-test
versus vehicle; n =4-5 per group. Data are expressed as mean + S.E.M. (B) Percentage of effective genome length showing enrichment in
AcH3K9,14, AcH4K12 and AcH2B in the basal condition (Veh) and on TSA administration (TSA). (C) Volcano plots for AcH3KO9,14,
AcH4K 12 and AcH2B showing the magnitude of differential enrichment (log2 FC) versus statistical significance (—logl0 P-value) for each individual
island detected in the comparison of vehicle- and TSA-treated mice. (D) Mean enrichment pattern for AcH3K9,14, AcH4K 12 and AcH2B were
profiled across all annotated TSSs for vehicle (dotted lines) and TSA treated mice (solid lines). Solid gray lines in AcH3K9,14 and AcH4K 12 graphs

show coverage in input condition.

preferentially target promoters with binding sites for NF-
kB and the structurally related EBF1 (Figure 4E).

Uncoupling of gene transcription and histone acetylation
changes after TSA treatment

We next performed a microarray expression analysis to
identify genes whose expression in the hippocampus was
affected by TSA and to correlate transcriptional and
histone acetylation changes. The impact of TSA in gene
expression was much weaker than in acetylation profiles.
TSA caused the differential expression of only 88 tran-
scripts [adjusted P-value <0.05; fold change (FC)>1.2;
Supplementary Table S2] including a similar number of
gene upregulations and downregulations (Figure 5A).

Importantly, the occurrence of a large change in acetyl-
ation at the TSS did not translate into significant changes
in transcript levels. Thus, the genes exhibiting the largest
changes for each acetylation mark were, in average, not
upregulated (Figures 5B and C and Supplementary Figure
S8A and B), which uncouples the correlation between
histone acetylation and gene expression levels observed
at the basal state. Although we did not observe a
positive correlation between the largest changes in acetyl-
ation and transcriptional alterations, the analysis of target
genes identified in our microarray screen revealed a
moderate correlation between changes in transcript level
and changes in AcH3K9,14 at the promoter
(Supplementary Figure S8C, Pearson correlation index
racH3k9.14 = 0.53). We also observed a weak correlation

$20z 111dy 6z uo Jasn JNZ@ usbunyuesg aAneisuabapoinap Jn) wnuaz seyosine Aq 88Z1 L +2/2208/2 /1 b/elonle/ eu;woo dnoolwepeoe//:sdiy woll papeojumod



Nucleic Acids Research, 2013, Vol. 41, No. 17 8077

(@)

A HEConvergent B Convergent De novo

L1 De novo » Divergent
10 39319 13384 g AcHistone
g ’ @ H3K4me3 N AcHistone
<
S E H3K4me3
2 5'UTR _:I S
2 intragenic T ] 2
° sutTR———1 8§
islands gene 0 50 100
Relative to Vehicle
o AcH3 / | 7 Tacha 1 1 AcHeB 1op 209
o] 1 - top 20%
< 1K9,14 K12 20-40%
< " = 7 = 40-60%
|<LJ o = 60-80%
N 0 - ) — bottom 20%
-y =1.43x - 1.08 - y=1.87x-1.15 1 "y =2.44x - 1.56
o/ R2=09936 | |/ R%=09986 | o]/ R?=09862
0 20 40 0 5 10 15 0 1 2 3
Veh Veh Veh
™
N
YN
5 SN
AcH3KO9,14 AcH4K12 AcH2B NONGINY
P exp
K Am - Am _ A _ PLAG1
] ] INSM1
—| [NFKB1
— = = .= MZF1_5-13
— ‘ . Tcfcp2l
NF-kB = = =
EBF‘I# S| —— = Ml RREB1
= REST
— —= — —| [EsR1
- — — =| [NF-«B
= e i —=] — Myf >15
— —= i ) E 10-15
= —— E ﬁ TLX1:NFIC
RELA []<10

li-10 [i1-20 2t 30 []31-40 |:j>40

Figure 4. The presence of H3K4me3 and AcH3K9,14 drives TSA-induced chromatin hyperacetylation. (A) Bar graph shows the percentage of
AcH3K9,14 islands (left bar) and annotated genes associated with those islands (right bar) in the TSA condition that are present in the vehicle
condition (convergent; black) or generated de novo (de novo; white). (B) Pie charts show the annotation of AcH3K9,14 islands in TSA samples
relative to their nearest gene, distinguishing between islands already present in basal condition (convergent) and those that were unique to TSA
samples (de novo). The lower bar chart depicts the percentages of de novo islands according to their relative position to the nearest TSS. (C) Ratio of
de novo islands for each acetylation mark that mapped to genes associated to H3K4me3 in the vehicle condition, to genes that bore both H3K4me3
and a histone acetylation mark, to genes that only had acetylation marks and those completely new (divergent). (D) Scatter plot shows mean
coverage around TSSs in vehicle condition (Veh) versus TSA-treated mice (TSA). To generate the graph, sequence tags were determined at the TSS
of all RefSeq (+/—1Kb), RefSeqs were ranked according to relative mRNA expression levels and then split into five equal sets. Solid black lines in
the plots denote the linear regression line. (E) Pscan software (159.149.160.51/pscan/) was used to scan for TFBSs in the promoter regions (—950/
+50) of gene sets classified according to different parameters. First, genes were ranked according to their expression level in hippocampus (P exp) in
five equal-size groups (from top 20% -left- to bottom 20% -right). In parallel, we also present the TFBS enrichment in the promoter regions of gene
sets classified according to their acetylation changes at the TSS in response to TSA for the three acetylation marks (five equal-size groups for AcH3
and AcH4 ranked from left to right according to FDR P-values, and two equal-size groups for AcH2B ranked according to E-values; we also
included an additional group (—) in each case composed with an equal-size set of randomly selected genes without any detected island for the
corresponding mark). JASPAR TFBS were ranked according to Z-score values for each one of these groups. Significant enrichments (P < 0.05) were
generally observed only for TFBS ranked above 40, rank values >40 were ignored. TFBS were ordered according to the top 20% expression group
rank. To identify TFBS associated with TSA-dependent acetylation, we calculated the difference in rank values (A) between the top 20% expressed
genes and the top group of differentially acetylated islands (group 1) for each histone mark. Only TFBSs with A > 10 in the comparison of the rank
position between the top 20% group in TSA-mediated hyperacetylation for each mark and top 20% expression group are indicated.
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Figure 5. TSA causes the uncoupling between gene transcription and histone acetylation. (A) Heatmap showing the 88 Transcript Cluster IDs
differentially expressed after TSA administration (adj. P <0.05, FC > 1.2). (B) Cumulative probability distribution of expression levels (log2 values)
(upper left) and normalized reads across the TSSs for AcH3K9,14 (upper right), AcH4K 12 (bottom left) and AcH2B (bottom right) upon vehicle or
TSA administration. The difference between vehicle and TSA treatment was statistically significant in the case of AcH3K9,14, AcH4K 12 and AcH2B
(P <0.001, Kolmogorov—Smirnov test) but not for expression levels. (C) Bar chart shows the average FC of TSA-mediated histone acetylation
changes (black bars) and transcript level changes (white bars) for the group of genes that exhibited a stronger hyperacetylation response to the drug
(AcH3K9,14 and AcH4K12: FC >2, FDR P < 107!% AcH2B: FC > 2, FDR P < 107>). Pearson correlation coefficients for each correlation are also
shown (see full chart in Supplementary Figure S§B). Data are represented as mean + SD. (D) Left: mean enrichment pattern for AcH3K9,14 (red),
AcH4K 12 (blue) and AcH2B (green) were profiled across upregulated and downregulated genes after TSA (solid lines) or vehicle (dotted lines)
administration. Solid gray lines show coverage in the input condition. Right: bar chart depicts the P-value for histone acetylation changes occurring
at upregulated or downregulated genes after TSA treatment (see also the correlation graphs in Supplementary Figure S8C). *P < 0.05 (Student’s
t-test). Data are expressed as mean + S.E.M.

with AcH4K 12 changes (rachaxi2 = 0.38), but no correl-
ation with AcH2B changes (racmog = —0.14). Overall,
TSA caused the hyperacetylation of the promoters of
both up- and downregulated genes, but upregulated

TSA causes the rapid induction of a gene program related
to chromatin deacetylation

The group of genes differentially expressed shortly after

genes showed larger and more significant increases of
AcH3K9,14 and AcH4K12 than downregulated genes
(Figure 5D).

TSA treatment was significantly enriched for nuclear
proteins (Gene Ontology enrichment P = 0.03) and
EBF1 and NF-«xB-binding sites (PSCAN, P = 0.01 and
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0.04, respectively), two motifs that were also associated
with the genes that exhibited a greater acetylation
response (Figure 4E). Among the upregulated factors,
we found the polycomb group protein L3mbtl3, the tran-
scriptional repressor Rest and the associated subunits of
the Sin3-HDAC complex Sap30 and Fam60a, the regula-
tors of transcriptional elongation Pafl and eleven-
nineteen lysine-rich leukemia and the transcription
factors Sox11 and Gadd45a. Notably, some of these
genes, such as Rest, L3mbtl3, Soxll and Famo60a,
belonged to the reduced group of genes that exhibited
both strong acetylation at their promoter and expression
upregulation upon TSA treatment.

We validated the results of our screen through ChIP
and RT-qPCR assays. Genes such as Rest, L3mbtl3 or
Sox11 were overexpressed in parallel with the increase of
the acetylation marks (Figure 6A—E). In contrast, genes
that were downregulated by TSA, such as Suv420hi, ex-
hibited a weak response to the drug (Figure 6F). These
assays also revealed the transient nature of most changes
(Figure 6G).

Histone acetylation changes do not interfere with
novelty-driven gene induction

The memory-enhancing effects of HDACis might depend
on the facilitation or priming of learning-induced tran-
scription. To examine the impact of transient histone
hyperacetylation in activity-driven promoters, we
explored the effect of TSA on the transcriptional wave
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induced in the hippocampus by exposure to a novel envir-
onment (NE), which affects many genes involved in
neuronal plasticity and memory consolidation (29). We
performed this analysis in both wild-type (WT) animals
and in mice with reduced KAT activity and histone acetyl-
ation (3,20).

TSA did not affect the exploratory activity of the
animals (Figure 7A) nor the transcriptional response to
1h of NE (Figure 7B). The induction of IEGs, including
Fos, Egrl, FosB, Npas4, Nrdal, Arc and other genes
related to memory, was remarkably similar in mice
treated with vehicle or with TSA (Figure 7C and
Supplementary Table S3). The induction of IEGs by
novelty was also normal in mice with reduced KAT
activity (Figure 7D). Three-way ANOVA of differential
hippocampal gene expression in CBP-deficient mice
treated with TSA or vehicle and exposed or not to
novelty revealed no interaction between TSA treatment
and novelty, as well as no interaction between either one
of these conditions and genotype. Independent RT-qPCR
assays confirmed these results (Figure 7E).

Of note, the promoter of most novelty-induced genes
are labeled with H3K4me3 and acetylation marks at the
basal state (Supplementary Figure S9A) and histone
acetylation at the TSS increased in response to TSA, par-
ticularly in the case of AcH3K9,14 (Figure 7F). However,
as for most genes, we did not observe a positive correl-
ation between the acetylation increase in response to TSA
and the expression change in response to this drug
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Figure 6. TSA induces genes involved in chromatin deacetylation. (A-E) Left: ChIPseq data at the Rest, SoxI1, L3mbti3, Sap30 and Fam60a loci.
Horizontal rows display the number of normalized reads across the loci, with ‘“Veh’ and “TSA’ denoting the treatment condition. Enrichment
increases after TSA are indicated as FC. Right: Confirmation of hyperacetylation data through independent ChIP assay using oligo pairs that
amplify a genomic sequence contained into the island detected by ChIPseq. Data are represented as mean + S.E.M. *P <0.05; #P <0.1 (Student’s
t-test), n = 4 per group. (F) ChIPseq data at Suv420hl locus. (G) Time course and biological validation of candidate genes by RT-qPCR analysis.

*P <0.05 (Student’s t-test), n = 4-5 per group.
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Figure 7. TSA-induced hyperacetylation does not alter the transcriptional response to novelty. (A) TSA administration did not affect the exploration
of a novel environment. (B) Heatmap showing the hierarchical clustering of transcriptional changes in response to novelty exposure of wild-type and
CBP-deficient mice treated with vehicle or TSA. (C) Scatter plot showing the FC (log2) of differentially expressed transcripts on NE in WT mice
treated with TSA or vehicle. Pearson correlation coefficient is shown. (D) Scatter plots showing the FC (log2) of differentially expressed transcripts
on NE in CBP-deficient mice treated with TSA or vehicle (left) and comparing the induction of novelty genes in WT and Chp"/~ mice (right). The
red dots represent the genes showing significant interaction between housing and genotype (non-corrected P-values). Pearson correlation coefficients
are shown. (E) RT-qPCR array validation for Fos, Arc, Npas4 and Duspl. Two-way ANOVA revealed a significant novelty effect for the four genes
(P <0.001), but only Dusp! induction [also affected in CBP ¢cKO mice (28)] exhibited a significant genotype effect (P = 0.04) and genotype x housing
interaction (P = 0.04). n = 3 mice per group. (F) Bar chart depicts the average FC (left) and P-values (right) of histone acetylation changes occurring
in NE-induced genes after TSA administration. (G) Summary of ChipSeq and array data for the IEGs Fos, Duspl, Arc and Npas4. (H) ChIPseq data
and RT-qPCR validation of gene induction at the Fos locus. * P <0.05 (Student’s t-test), n = 3—4 per group. (I) Hippocampal mRNA expression of
1EGs Npas4, Fos and Arc in mice that were injected with vehicle (Veh) or TSA (TSA) and 15min later exposed to NE for 15min. n = 34 except for
control NE+180 min. (J) Hippocampal mRNA expression of IEGs Npas4, Fos and Arc in mice that were exposed to NE for 15min and 15min later
injected vehicle (Veh) or TSA (TSA). n = 3—4. In all cases, data are expressed as mean = S.E.M.

$20z 111dy 6z uo Jasn JNZ@ usbunyuesg aAneisuabapoinap Jn) wnuaz seyosine Aq 88Z1 L +2/2208/2 /1 b/elonle/ eu;woo dnoolwepeoe//:sdiy woll papeojumod



(Figures 7G and Supplementary Figure S9B). Particularly
intriguing was the situation of Fos, which ranked among
the genes most affected by TSA, but still did not show
significant expression changes either at the basal state or
in its induction in response to novelty (Figure 7H).
Additional experiments in which TSA was administered
either before (Figure 7I) or after (Figure 7J) a brief
exposure to novelty demonstrated that this drug neither
enhanced nor extended the induction of relevant IEGs by
NE.

DISCUSSION

The appreciation of epigenetic complexity has dramatic-
ally increased for the past few years thanks to ChIPseq
technology (30). Although much effort is still needed, our
study represents an important initial step to describe the
epigenomic landscape in the hippocampus and its regula-
tion by neuronal activity or drugs. More than 100
posttranslational modifications of the histone tails have
been reported, including >20 acetylations; we contributed
here to the draft of the hippocampal epigenomic landscape
with the profiles of four histone marks of particular rele-
vance. The overlap and correlation between these epigen-
etic marks was high, but their profiles at the basal state,
response to TSA and relationship with neuronal gene ex-
pression exhibited relevant differences. Strikingly,
although H3K4me3 is generally associated with active
transcription, our data indicate that loci that contain
this mark but are depleted for the three acetylation
marks rank among the least expressed genes in the hippo-
campus, which is consistent with a recent study, suggesting
that H3K4me3 marks both active genes and silent or
poised genes that will activate on the arrival of the right
stimulus (31). AcH4K 12 was the acetylation mark most
affected by TSA, but AcH3K9,14 presented the best cor-
relation with gene expression and appears to be a require-
ment, along with H3K4me3, for the positioning of the
other two acetylation marks both in the basal state and
on TSA administration. AcH2B concurred with
AcH3K9,14 and to a lesser degree with AcH4KI12 in
highly expressed genes, which is consistent with early
research on this mark (32), and exhibited a large relative
enrichment in CBP- and p300-bound regions in agreement
with the reported substrate preferences of these KATSs
(2,5,28).

Our differential acetylation profile screen led to a
number of conclusions regarding the topography of
TSA-induced hyperacetylation that are highly relevant
for understanding the mechanisms of action and specific
genomic impact of HDACis: (i) TSA treatment did not
result in a global increase of histone acetylation. The
changes had a precise topography and affected both
specific gene sequences and putative enhancers but not
intergenic regions. Moreover, TSA effects were largely re-
stricted to loci that were enriched in AcH3K9,14 and
H3K4me3 at the basal state. The concurrence of these
two marks appears to be a requirement for TSA-
mediated H4 and H2B hyperacetylation, which is consist-
ent with experiments in human T-cells indicating that
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genes primed with H3K4me3 are more sensitive to
HDACi-dependent H3K9 and H4K16 acetylation (31).
(i) TSA preferentially targeted transcriptionally active
loci. AcH3K9,14 and H3K4me3 are both associated
with active transcription and act as anchors for TSA
action, consequently the susceptibility to TSA correlates
with the transcriptional activity of the locus. This result
indicates that HDACs reside with KATs on active genes
or that both enzymatic activities visit frequently the same
promoters to respectively add and remove acetyl groups
from histones (31). This dynamic equilibrium, in turn,
explains the rapid and transient effects of HDAC:s. (iii)
TFBS analysis revealed that the promoters that contain
binding sites for the transcription factors NF-kB and
EBF1 are more likely to be targeted by TSA. These two
transcription factors are structurally related (33) and have
been recently reported to co-associate for regulating tran-
scription (34), although it is uncertain that EBF1 expres-
sion plays a role in the adult hippocampus. NF-«xB,
however, has a well-known role in synaptic plasticity
and learning and memory (9,35-37) and might also play
a pivotal role in HDACi-dependent neuroprotection (38).
Complementary to ChIPseq, the microarray analyses
revealed that, like in other cell types, TSA had a limited
and cell-type-specific impact on transcription. Thus,
whereas HDACis primarily affect genes related to cell
cycle/apoptosis and DNA synthesis in tumor cells (39)
and genes involved in differentiation and cell fate in
stem cells (40,41), in the hippocampus, a tissue largely
made up of non-dividing cells, the target genes are
involved in transcriptional regulation and chromatin re-
modeling. Interestingly, among the factors upregulated by
TSA, there were different components [Sap30, Rest and
the recently identified Famo60a subunit (42)] of the Sin3-
HDAC complex (43) that is involved in the repression of
neuronal gene transcription in both non-neuronal and
neuronal cells through the binding of Rest to REI/
NRSE sites (44). Experiments in cultured cortical
neurons have also revealed a robust induction of Rest by
TSA, suggesting that HDACs mediate its repression in
neurons (45). Therefore, the upregulation of Rest and
the other components of the Sin3 complex may represent
the primary homeostatic response of hippocampal cells for
restoring histone acetylation levels and prevent the tran-
scriptional dysregulation that could result from prolonged
chromatin hyperacetylation. The gene downregulations
detected in our screen could also result from the
enhanced expression of these transcriptional repressors.
Intriguingly, our experiments indicate that the dramatic
change in histone acetylation profiles triggered by HDAC
inhibition had a remarkably modest immediate impact on
hippocampal gene expression. Consistently with this
result, studies in yeast, flies and mouse fibroblasts have
shown that the posttranslational modification of histones
may not be as essential for gene expression as their cor-
relative behavior with transcription initially suggested
(16-18). For instance, the systematic analysis in yeast of
hundreds of mutations in histone genes, including all the
major acetylation sites at the histone tails, produced sur-
prisingly moderate phenotypes and gene expression
changes (19,46). In T-cells, a similar uncoupling between
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changes in transcription and histone acetylation caused by
HDAC:s was interpreted considering that de novo acetyl-
ation may allow the binding of Pol II to the promoter, but
this binding by itself is not sufficient to initiate transcrip-
tion (31). Our ChIPseq experiments provide additional
clues for understanding the modest effect of HDACis in
transcription. On the one hand, TSA preferentially
hyperacetylates active loci that are premarked with
H3K4me3 and AcH3K9,14 at the TSS. On the other
hand, the presence of these marks seems to be correlative
with transcription rather than causative; they favor a tran-
scriptionally permissive state but do not influence the tran-
scriptional rate. As a result, the dramatic increase of
histone acetylation triggered by HDAC:s is well tolerated
by the cell and does not cause a general dysregulation of
transcription.

Although further research is still needed to clarify the
mechanism of action of these compounds in the nervous
system, our experiments indicate that enhancing the tran-
scription of plasticity-related genes might not be the
primary mechanism. Not only TSA did not greatly
affect basal gene expression but also the induction of
IEGs by neuronal activity was apparently unaffected by
HDAC inhibition or CBP deficiency, which is consistent
with previous studies, indicating that histone acetylation
levels are largely negligible for activity-dependent gene in-
duction (10,28,47). An emerging view in the epigenetics
field is that histone modifications are not involved in re-
cruiting TFs and chromatin regulators to specific genes
but may instead play a role as allosteric regulators of chro-
matin complexes (18), thereby having a subtle impact on
transcription. According to this model, histone-dependent
mechanisms would have a slow impact on gene expression
that would not be detected by our microarray screen per-
formed shortly after TSA treatment. The transient nature
of both TSA-induced hyperacetylation and IEG induction
by novelty would also prevent the detection of
hyperacetylation-dependent changes in the expression of
these genes. These results, together with our recent finding
that altered neuronal histone acetylation interfered with
the transcriptional neuroadaptation to environmental en-
richment (20), suggest that histone acetylation changes in
neurons are more relevant for the maintenance of epigen-
etic states than for the regulation of rapid transcriptional
changes. This view also contributes to explain the ameli-
orative effects of HDACi in mouse models of progressive
neurodegenerative disorders, such as Huntington’s and
Alzheimer’s diseases, in which a chronic treatment is
required (12). We cannot, however, discard that the tran-
scriptional programs induced by more salient learning-
related experiences, like training in a fear-conditioning
task, could be enhanced by TSA treatment or attenuated
by CBP deficiency, nor that the induction of IEGs in other
brain areas were affected by these manipulations of
histone acetylation levels. It is also possible that the
increase of other, unexplored, acetylation marks showed
a better correlation with transcriptional changes than the
three marks explored here. However, recent genomic
studies exploring the genomic profiles of KATs recruit-
ment and histone acetylation have revealed a low level
of specificity (25,31). In resting somatic tissues, most

acetylation marks seem to co-occur in the same loci (48),
and it has been suggested that the large panel of acetyl-
ation marks could redundantly contribute to maintain ac-
tivation states while acetylation specificity would not be an
important feature for gene regulation (49).

Interestingly, experiments in other systems indicate that
HDAC: actions may depend on histone-independent and
even transcription-independent mechanisms (50-52). For
instance, the neuroprotective effects of TSA in the nervous
system are, at least, partially mediated by the acetylation
of cytoskeletal proteins that restores vesicular transport
and favors the release of growth factors (53).
Consistently with the relevance of non-histone substrates,
we observed a significant enrichment for NF-kB-binding
sites in the promoter of TSA-regulated genes. Given that
NF-«B is a direct target of TSA-dependent acetylation (9),
its activation by acetylation can be responsible for the
upregulation of Rest (54) and other rapid changes in ex-
pression detected in our array screen. Further studies
should investigate the specific contribution of NF-xB
acetylation to TSA-driven transcriptional changes.

To our knowledge, this is the first study that directly
assesses the relationship between histone acetylation and
neuronal gene expression and the mechanism of action of
HDAC:s in the adult nervous system at the genomic level.
Our results suggest alternative hypotheses for the mech-
anism of action of this important family of neuropsychi-
atric drugs and have important implications for the
understanding and treatment of cognitive, psychiatric
and neurodegenerative disorders related to impaired
histone acetylation or in which these compounds have
been proven effective.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [55-64].
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