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and Epigenetic Alterations
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Abstract

Rubinstein-Taybi syndrome (RSTS) is a rare genetic disorder in humans
characterized by growth and psychomotor delay, abnormal gross anatomy,
and mild to severe mental retardation (Rubinstein and Taybi, Am J Dis Child
105:588-608, 1963, Hennekam et al., Am J Med Genet Suppl 6:56-64,
1990). RSTS is caused by de novo mutations in epigenetics-associated genes,
including the cAMP response element-binding protein (CREBBP), the gene-
encoding protein referred to as CBP, and the EP300 gene, which encodes the
p300 protein, a CBP homologue. Recent studies of the epigenetic mechanisms
underlying cognitive functions in mice provide direct evidence for the involve-
ment of nuclear factors (e.g., CBP) in the control of higher cognitive func-
tions. In fact, a role for CBP in higher cognitive function is suggested by
the finding that RSTS is caused by heterozygous mutations at the CBP locus
(Petrij et al., Nature 376:348-351, 1995). CBP was demonstrated to possess
an intrinsic histone acetyltransferase activity (Ogryzko et al., Cell 87:953—
959, 1996) that is required for CREB-mediated gene expression (Korzus et al.,
Science 279:703-707, 1998). The intrinsic protein acetyltransferase activity
in CBP might directly destabilize promoter-bound nucleosomes, facilitat-
ing the activation of transcription. Due to the complexity of developmental
abnormalities and the possible genetic compensation associated with this con-
genital disorder, however, it is difficult to establish a direct role for CBP in
cognitive function in the adult brain. Although aspects of the clinical presen-
tation in RSTS cases have been extensively studied, a spectrum of symptoms
found in RSTS patients can be accessed only after birth, and, thus, prenatal
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genetic tests for this extremely rare genetic disorder are seldom considered.
Even though there has been intensive research on the genetic and epigenetic
function of the CREBBP gene in rodents, the etiology of this devastating con-
genital human disorder is largely unknown.
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3.1 Introduction

The regulation of gene expression requires not only activation of transcription fac-
tors but also the recruitment of multifunctional coactivators that are independently
regulated and utilized in a cell- and promoter-specific fashion to stimulate or repress
transcription [1]. Dynamic changes in the organization of chromatin control gene
expression and histone acetylation are one mechanism for the local and global con-
trol of chromatin structure [2, 3]. Studies have shown that chromatin acetylation at
a region of ongoing transcription is essential for high-level gene expression [2, 3].
The cAMP response element-binding protein (CBP, which is encoded by the
CREBBP gene) and its homologue p300 protein (encoded by the EP300 gene) are
transcriptional coactivators [4, 5] that interact with multiple transcriptional regula-
tors and facilitate the assembly of the basic transcriptional machinery [6] (Fig. 3.1).
In addition to serving as molecular scaffolds, CBP and p300 each possess intrinsic
histone acetyltransferase (HAT) activities [10] that can be specifically and directly
inhibited by phosphorylation or by association with viral proteins [6, 11]. Owing to
the ability of CBP and p300 to control the function of chromatin via mechanisms
that involve the covalent modification of chromatin, resulting in long-lasting marks
on histones, these proteins are defined as epigenetic “writers” (Fig. 3.2). More
recently, the HAT activity of both CBP and p300 has been referred to as lysine acet-
yltransferase (KAT11) activity because it targets lysine not only on histones but also
on nonhistone proteins [7]. CBP and p300 proteins share more than 70% sequence
homology, but they retain some distinct cellular functions and behavioral functions
and cannot always replace each other [8, 15, 16].

A role for the CBP gene in higher cognitive function is suggested by the find-
ing that Rubinstein-Taybi syndrome (RSTS), a disorder in humans characterized
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Fig.3.1 Structure of CBP/p300 protein family. CBP and p300 proteins belong to the same family
of coactivator of transcription and share 63% identity and 73% similarity with the highest homology
as mapped to functional domains. A central part of CBP/p300 protein encompasses chromatin asso-
ciation and the modification region. The N-terminal and C-terminal regions, which include a variety
of motives that provide a platform for specific protein-protein interactions, enable the formation of
multiprotein complexes critical for a cellular signal- and promoter-specific gene expression regula-
tion. CBP was discovered as a CREB-binding protein and a phosphorylation-dependent interaction
between CREB’s KID domain and CBP’s KIX domain. Further research demonstrated that more
than 400 proteins could interact with CBP/p300 proteins. The schematic shows examples of these
interaction partners’ interacting predominantly with regions containing zinc finger motives. The
central region of CBP/p300 contains domains supporting chromatin-modifying functions. While
bromodomain (Bromo) provides ability for chromatin recognition, the KIT11 domain has lysine
acetyltransferase enzymatic activity targeting primary histone N-terminals and nonhistone nuclear
proteins [7, 8]. For more detailed information, see the text. The diagram does not show proper
proportions and is based on data from UniGene (CREBBP, NP_004371.2; EP300, NP_001420.2;
and [8, 9]). CBP’s known domains from the N-terminal are NRID nuclear receptor interaction
domain, TAZ! transcriptional adapter zinc-binding domain 1, KIX CREB binding, Bromo bromo-
domain, PHD plant homeodomain, KI7T'11 lysine acetyltransferase, ZZ zinc finger domain, 7AZ2, Q
polyglutamine stretch, NRs nuclear hormone receptors, SRC steroid receptor coactivator

by growth and psychomotor delay, abnormal gross anatomy, and mild to severe
mental retardation [17, 18], is caused by heterozygous mutations at the CBP locus
[19]. CBP is one of the major regulatory nuclear proteins that control gene expres-
sion associated with multiple critical cell functions during development and in the
adult. Due to the complexity of developmental abnormalities and possible genetic
compensation associated with this congenital disorder, however, it is difficult to
establish a direct role for CBP in cognitive function in the adult brain.
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Fig.3.2 Histone acetylation controls chromatin structure and function. Although CBP’s function
as a platform to recruit other required coactivators appears to be indispensable, the requirement for
HAT activity is transcription unit specific and may depend on the structure of chromatin at a spe-
cific locus [12, 13]. Histone deacetylase (HDAC)-mediated hypo-acetylation of histones promotes
a compact chromatin structure state, subsequently silencing transcription. Promoter-specific
recruitment of chromatin remodeling factors, such as CBP HAT, facilitates de-compaction of the
chromatin structure, where genes are accessible for large multiprotein complexes that mediate
gene expression (i.e., RNA polymerase II holoenzyme). CBP HAT has been implicated in epigen-
etic mechanisms that control higher cognitive functions [14]

3.2 Genotype

Mutations in the human CREBBP gene were reported to be associated with RSTS
(OMIM #180849, #613684), a haploinsufficiency disorder characterized by mul-
tiple developmental defects and severe mental retardation (Rubinstein and Taybi,
1963). RSTS is a rare genetic syndrome caused by de novo heterozygous mutations
in epigenetic genes and was first described in 1963 [17]. RSTS is found in one
case per 100,000 to 125,000 live births. In 1991, Petrij et al. demonstrated for the
first time the genetic origin of RSTS by reporting de novo reciprocal (balanced)
translocations with breakpoints in chromosomal regions 16p13.3 in RSTS patients
[19]. The CREBBP gene (CREBBP; OMIM #600140) is located on chromosome
16p13.3. A mutation in the gene that encodes the CREBBP gene was reported
in approximately 55% of RSTS cases (Fig. 3.3), defining RSTS type 1 (RSTSI;
OMIM #180849) [19, 22, 23]. The CREBBP gene spans ~155 kb, and there are 31
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exons in coding region. Transcription of the CREBBP gene proceeds from centro-
mere to telomere with start codon located in exon 1 and stop codon in 31. ~10 kb
CREBBP mRNA contains 7.3 kb of coding sequence. The CREBBP gene encodes
a large protein (CBP) with a molecular weight of 26,531 Da that consists of 2441
amino acids.

In addition, 10% of cases of RSTS have been associated with mutations present
in a CBP homologue, the E1A binding protein p300 [24-26] (Fig. 3.4). Protein
p300 is encoded by the human EP300 gene (OMIM #602700) located at 22q13.2.
Cases of mutated EP300 are described as RSTS type 2 (RSTS2; OMIM #613684).
Mutations found in CREBBP and EP300 (i.e., frameshift, nonsense, splice site, and
missense mutations) are heterozygous, rare, and de novo [27]. In addition, less fre-
quently occurring large deletions (exonic or whole gene) or balanced inversions and
translocations also have been characterized.
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Fig.3.3 CREBBP germline mutations in RSTS1 patients. CREBBP germline mutations account
for 50-60% of RSTS cases. About 50% of mutations associated with RSTS1 have been mapped to
chromatin association and the modification region in the CREBBP gene (Fig. 3.1). CREBBP
germline mutations in RSTS patients include 106 point mutations and 21 deletions, such as exonic
and whole-gene deletions, with some encompassing flanking genes. Only a few mosaic mutations
in the CREBBP gene have been reported (not shown). Data used for analysis were reported in
Leiden Open Variation Database [20], Gervasini et al. (2010) [21], and UniGene database
(CREBBP: NP_004371.2)
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Fig. 3.4 EP300 germline mutations in RSTS patients. To date, 34 EP300 mutations in known
RSTS2 cases have been reported worldwide [25]. Mutations in the EP300 gene account for about
10% of all RSTS cases. EP300 germline mutations in RSTS patients include 27 point mutations,
six exonic deletions, and one whole-gene deletion. About 40% of mutations associated with
RSTS2 have been mapped to chromatin association and the modification region in the EP300 gene
(Fig. 3.1). Data used for analysis were reported in the Leiden Open Variation Database [20], Negri
et al. (2016) [25], and the UniGene database (EP300: NP_001420.2)
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3.3  Clinical Phenotypes

There are no precise diagnostic criteria for RSTS, but there is a spectrum of clini-
cal presentations with unique clinical hallmarks (Table 3.1). A number of studies
have found characteristic developmental anomalies in patients with mutations in
the CREBBP and EP300 genes, including growth and psychomotor delay, abnor-
mal gross anatomy, and intellectual disabilities [17, 18, 28]. In general, pheno-
types associated with mutations in EP300 are less marked than those found with
CREBBP mutations. A high number of individuals with mutations in CREBBP
and EP300 show broad thumbs and halluces (96% and 69%, respectively); facial
abnormalities, such as a grimacing smile (94% and 47%, respectively); and intel-
lectual disabilities (99% and 94%, respectively) (Table 3.1). Retarded motor and
mental development is visible during the first year of life. The average IQ of indi-
viduals with RSTS varies between 35 and 50, but some patients show better per-
formance [28].

Table 3.1 Comparison of symptoms found in RSTS individuals who carry mutations in CREBBP
and EP300

Symptom CREBBP* (n = 308) EP300° (n = 52) p-value®
Intellectual disability 99% 250/253 94% 48/51 NS

Severe 36% 33/92 7% 2/29 <0.005

Moderate 48% 44/92 31% 9/29 NS

Mild 14% 13/92 62% 18/29 <0.00005
Broad thumbs 96% 2771290 69% 36/52 <0.00005
Broad halluces 95% 221/233 81% 42/52 <0.005
Grimacing smile 94% 99/105 47% 21/45 <0.00005
Long eyelashes 89% 75184 90% 44/49 NS
Columella below alae nasi 88% 195/222 92% 48/52 NS
Arched eyebrows 85% 71/84 65% 34/52 <0.05
Convex nasal ridge 81% 225/278 44% 23/52 <0.00005
Downslanted palpebral fissures 79% 208/263 56% 29/52 <0.001
Highly arched palate 77% 160/208 67% 30/45 NS
Hypertrichosis 76% 93/122 51% 23/45 <0.005
Postnatal growth retardation 75% 160/214 66% 33/50 NS
Micrognathia 61% 131/214 42% 22/52 <0.05
Microcephaly (OFC < 3rd centile) 54% 77/143 87% 45/52 <0.00005
Autism/autistiform behavior 49% 51/105 25% 12/49 <0.005
Angulated thumbs 49% 135/273 2% 1/51 <0.00005

“Data derived from [26, 135-137]; "Data derived from [28]; “The Fisher’s exact test with p < 0.05
considered significant. From Fergelot et al. (2016) [28], modified with permission
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3.3.1 Epigenetic Mechanisms Underlying RSTS

Extensive studies of CBP protein structure and functions, reported in more than
2000 manuscripts published since its discovery by Dr. Goodman’s laboratory [4],
have revealed a high level of complexity of structural features and that not all aspects
of CBP molecular functions are understood (Fig. 3.1). CBP was discovered as the
protein binding to CREB transcriptional factor, and the interaction between these
two molecules depends on CREB phosphorylation at serine 133 (Ser 133) [4]
located within the kinase-inducible domain (KIK). It turned out that CBP is a
required coactivator for CREB-dependent transcriptional activation [29]. It is well
documented that phosphorylation of CREB on serine 133 is the sufficient require-
ment for CREB-dependent transcriptional activation and involves direct interaction
between the kinase-inducible domain interacting (KIX) domain (CBP) and phos-
phorylated KIK domain (CREB, Ser 133) [30].

CBP is a large, multifunctional transcriptional coactivator protein with molecular
weight 26,531 Da that consists of 2441 amino acids. The CBP has been recognized
as interacting with more than 400 nuclear proteins to mediate transcriptional activa-
tion from multiple promoters [31]. Through direct interactions with DNA-bound
transcriptional factors and components of basal transcriptional machinery, includ-
ing TBP, TFIIB, TFIIE, and TFIIF, CBP provides a platform for the generation of
multiprotein complexes and serves as a bridge between transcriptional factors and
the RNA polymerase II holoenzyme during transcriptional activation [32, 33]. CBP
is recruited to the transcription sites via mechanisms that involve direct protein-pro-
tein interactions between the activation domain of transcription factors and CBP’s
multiple protein-protein interaction domains, including the transcriptional adapter
zinc-binding (TAZ) domains (reviewed in [34]). The CBP structure includes four
zinc-binding domains that are localized in the three cysteine-/histidine-rich regions
(i.e., CH1, CH2, and CH3). The TAZ1 domain is mapped to CH1. CH2 is the plant
homeodomain (PHD)-type zinc finger motive. The CH3 region comprises two inde-
pendent zinc finger motives, ZZ and TAZ2. Both TAZ1 and TAZ2 possess four zinc
finger motives. Three of these motives are identical, but the fourth zinc finger motive
is substantially different between the two domains and is believed to provide recog-
nition specificity, as both TAZ1 and TAZ2 bind to two different groups of nuclear
factors (or different regions on the same molecule, e.g., p53). In fact, the CH1 and
CH3 regions mediate the majority of CBP’s protein-protein interactions. Although
interaction with CBP’s nuclear receptor interaction domain (NRID) provides a
mechanism for nuclear receptor (i.e., steroid hormones) transcriptional activation,
the KIX domain binds to phosphorylated CREB. In addition, the glutamine-rich
(Q) coactivator binding domain (CABD) is another domain that is critical for the
assembly of multiprotein complexes [35]. In addition to its function as a platform,
CBP belongs to a family chromatin-modifying enzymes and enhances transcription
by altering chromatin structure via histone acetylation (Fig. 3.2) [7, 10, 12, 36].
While bromodomain (Bromo) may be involved in chromatin recognition, the KIT11
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domain is a lysine acetyltransferase able to transfer acetyl groups primary on his-
tone N-terminals and also nonhistone nuclear proteins [7, 8].

In the eukaryotic cell nucleus, DNA is packaged by histones into nucleosomes,
which are repeated subunits of chromatin. One of the central questions in the regula-
tion of gene expression is how the transcriptional machinery gains access to DNA
that is tightly packed in chromatin. Over the last two decades, our understanding of
the causal relationship between histone acetylation and gene expression has been
enhanced dramatically by the identification of intrinsic HAT domains in several
newly discovered coactivators of transcription, including CBP, p300, GCNS5, and
PCAF [10, 37] (Fig. 3.2). The finding that transcriptional coactivators are HATs
recruited to specific gene promoters by activated transcription factors are consistent
with an idea of the targeted chromatin acetylation as a critical step in transcriptional
activation [37]. Moreover, there is selectivity in the specific HAT activity required
for the function of distinct classes of transcription factors [12]. The HAT activity of
CBP, recruited directly by phosphorylated CREB, is selectively required for the
transcriptional function of CREB, whereas the HAT activity of PCAF is indispens-
able only for nuclear receptor activity [12]. It is now known that CBP interacts with
a variety of nuclear factors (Fig. 3.1), highlighting CBP’s critical role in the regula-
tion of a variety of cell programs during development and in the adult.

Histone acetylation is one of the major epigenetic mechanisms that controls
chromatin structure and function in postmitotic mammalian neurons. As noted,
CBP and p300 are critical for human and rodent development due to their ubiqui-
tous expression patterns and their ability to control the functions of chromatin as
epigenetic writers. In addition, they were found to bind to specific loci in daughter
cells immediately following cell division and act as epigenetic chromatin “book-
marks” [38]. Owing to the high complexity of RSTS’s etiology, genetically engi-
neered mice have been employed to gain insight into the mechanisms underlying
this devastating disorder.

Both acetyltransferases, CBP and p300, can enhance transcription by relaxing
the structure of chromatin nucleosomes via a mechanism that involves the direct
acetylation of lysines (K) located at the N-terminals of histones H2A, H2B, H3, and
H4, including the acetylation of H4-KS5, H3-K14, H3-K18, H3-K27, and H3-K56
[39, 40]. CBP and p300 can be involved in two major epigenetic mechanisms,
including the control of global acetylation of chromatin and mediating local chro-
matin modification in a promoter-specific manner via specific interactions with
DNA regulatory element-bound and activated transcriptional factors [41].

The following describes a study of two CBP mutant mice. In a CBP-deficient
mutant mouse model, amino acids 29-265 of CBP were replaced with a targeting
vector [42]. In second study, a CBP truncated mutant mouse model was generated
by insertional mutagenesis, resulting in the expression of a truncated version of
CBP (amino acids 1-1084) that contained the CREB-binding domain amino acids
(462-661) [43, 44]. In both cases, the homozygous mutants died in utero between 8
and 10.5 days post coitum (d.p.c.) [44, 45]. The CBP+/—-deficient mice exhibited
various developmental abnormalities, partially resembling RSTS in humans [42].
The CBP+/—-truncated mutant leads to classical RSTS anomalies, showing a much
more severe phenotype, including deficiencies in learning and memory [43].
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CBP and EP300 show very similar patterns of molecular functions, but their
expression during development and in the adult does not fully overlap. Although it
is believed that there are subtle differences between CBP and EP300, patients with
mutations in CBP or EP300 do not present any marked phenotypic differences
(Table 3.1). In addition to certain skeletal abnormalities found specifically in hetero-
zygous CBP null mice, there are no marked phenotypic distinctions between CBP
heterozygous null mice and EP300 heterozygous null mice [42, 43, 46]. Each of
three mutants, homozygous CBP null mice, homozygous EP300 null mice, and
double heterozygous mice for CBP and p300, presents strikingly similar pheno-
types and dies in utero [46]. These findings lead to hypotheses that combined levels
of CBP and EP300 direct developmental processes rather than that CBP and p300
each have very distinct developmental roles. Although this might be true in general,
there is also evidence that CBP and p300 functions do not always compensate for
each other (e.g., [16]).

3.3.2 Testing the Biological Function of CBP in Rodents:
Epigenetics and Memory

Life depends on the fidelity of DNA replication and the decoding of DNA into RNA
and protein. Although our ability to accumulate knowledge involves genetic mecha-
nisms, the nature of cognitive processes, how information is encoded, and what
controls functional brain anatomy are not obvious. We thus ask: To what extent does
the blueprint of life affect who we are? What is the relationship between neural
information processing and chromatin, the functional form of DNA?

The stabilization of learned information into long-term memories requires
both new gene expression and alterations in synaptic strength. Whether nonde-
clarative or declarative memory systems [47] are examined in invertebrates or
vertebrates, information is stored first in a transient short-term memory that can
eventually be stabilized into long-term memory [48, 49]. A variety of inhibitors
of protein and RNA synthesis have been shown to effectively block long-term
memory without altering short-term memory [50, 51]. Environmental stimuli or
high levels of neuronal activity are known to induce a variety of immediate-early
genes, such as Fos, Jun, and Zif268, in many brain areas [52, 53]. In addition,
genetic studies in mice suggest that Zif268, CREB, and c-Fos may be involved in
memory formation and consolidation [54-59]. Thus, regulatory mechanisms that
direct transcription subsequent to the molecular changes in neurons during tran-
sient memory formation play a pivotal role in the conversion of short- to long-
term memory.

CRE-binding factors, such as CREB, seem to be conserved from mollusks to
mammals, and their activity is regulated by both cAMP and calcium influx (reviewed
in [60]). These CREB/ATF or CREM families of activators and repressors belong
to the bZip transcription factor class. A proposed mechanism by which CREB
activates its target promoters is based on the observation that PKA phosphorylates
CREB at Ser-133 in response to elevated levels of cAMP. CREB mediates transcrip-
tional induction upon its phosphorylation by PKA [61, 62] or a calcium-dependent
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nuclear kinase [63], followed by direct interaction with a coactivator of transcrip-
tion, CBP [4], which facilitates the assembly of the basic transcriptional machinery.
CREB has a bipartite transactivation domain that consists of a constitutive domain,
Q2, and an inducible domain, KID. It has been shown that the Q2 domain can
potentially interact with TFIID via an hTAF135 bridging protein. In contrast, phos-
phorylation of the KID domain (Ser-133) induces interaction with the KIX domain
(CREB interaction domain in CBP). Although it is unclear how the transactivation
occurs, it is believed that CBP/CREB-P complex formation enables direct associa-
tion with the RNA polymerase II complex.

Studies in Aplysia demonstrate that the cAMP-signaling pathway appears to play
a central role in memory encoding [64—-66]. A single electric shock to the tail of the
mollusk produces a transient enhancement of the gill-withdrawal reflex. This short-
term memory could be transformed into long-term memory by applying multiple
stimuli. Reconstitution of the neurons that mediate the gill-withdrawal reflex by
co-culturing a single Aplysia sensory neuron with the motor neuron that mediates
the reflex allows the study of the molecular and cellular mechanisms involved in this
simple form of learning. In response to one pulse of serotonin, this synapse under-
went short-term facilitation, while five repeated pulses of serotonin resulted in long-
term facilitation. The physiological changes that accompanied presynaptic
facilitation were observed after intracellular injection of the catalytic subunit of
cAMP-dependent protein kinase A (PKA) into Aplysia sensory neurons [65], while
inhibitors of PKA blocked both forms of facilitation. Taken together, the conversion
of short- to long-term memory requires the removal of certain inhibitory constraints
on the storage of long-term memory followed by an activation of CREB-controlled
gene expression; both mechanisms are required for the stabilization of transient
memory [64-70].

These observations in Aplysia are in agreement with reported genetic studies in
fruit flies (Drosophila) on memory, which demonstrate that fruit flies that overex-
press a CREB repressor transgene under the control of the inducible heat shock
promoter and were tested for memory retention after Pavlovian olfactory learning
showed drastically impaired long-term memory formation but without an effect on
transient short-term memory [71]. Moreover, overexpression of a CREB activator
decreased the number of training trials needed to establish long-term memory but
did not affect short-term memory formation [71]. Thus, the level of active CREB
was associated with the number of training trials required for long-term memory in
Drosophila olfactory associative learning.

In 1973, Bliss and Lomo discovered that the synaptic connections within the rab-
bit hippocampus undergo long-term potentiation (LTP) [72], which encodes memo-
ries [73-75]. There are two classes of mechanisms for long-lasting modification of
synaptic strength that follow different patterns of tetanic electrical stimulation: LTP
(for mechanisms that increase synaptic strength) and long-term depression (LTD)
for mechanisms that decrease synaptic strength [75]. Pharmacological studies have
demonstrated that blockers of N-methyl-D-aspartate receptor (NMDAR) eliminated
both hippocampal LTP and LTD [76, 77] and hippocampus-dependent spatial mem-
ory formation in rodents treated with an NMDAR antagonist [78].
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Advances in the study of learning and memory, using the genetic approach, pro-
vide an opportunity to study the correlation between LTP and memory storage in
mutant mice. Mutant mice that carry a targeted deletion of the gene encoding
CaMKII, the fyn tyrosine kinase, PKCg, NMDAR, or CREB exhibited deficits in
spatial memory when tested in the Morris water maze paradigm (which is known to
depend on the integrity of the hippocampus) [54, 76-84]. These mutants also
showed modified LTP between CA3 and CAIl neurons (Schaffer collateral LTP)
tested in hippocampal slices [54, 76-84].

A number of studies in mammalian systems have shown that synaptic activity in
neurons controls CBP’s ability to function as a transcriptional coactivator [85-88].
Voltage-gated calcium channels, such as the N-methyl-D-aspartate receptor
(NMDAR), or local calcium transients can induce CBP-dependent transactivation
in cultured hippocampal and cortical neurons [85-87]. In addition, CBP itself is a
target for calcium influx-induced CaM kinase IV via a mechanism that involves
CBP phosphorylation at Ser301, a requirement for NMDA-induced transcription
[87]. Although the question of whether NMDA-dependent transcription requires
CBP HAT activity has not been addressed, these findings suggest that, in addition to
the well-characterized function of transcription factors, such as CREB in NMDA-
induced gene expression, coactivators, such as CBP, are regulated by a separate
pathway that plays a critical role in the activation of gene expression. To investigate
these functions of CBP, Korzus et al. generated transgenic mice that express a
reversible CBP-lacking HAT activity in a subset of excitatory neurons in the adult
[14]. These mutant mice exhibited long-term memory deficits, while the encoding
of new information and short-term memory were both normal. The behavioral phe-
notype was due to an acute requirement for CBP HAT activity in the adult, as it is
rescued by both suppression of the transgene expression and by administration of a
histone deacetylase (HDAC) inhibitor. This mouse model eliminates data interpre-
tation problems that result from developmental changes and mimics a heterozygous
CBP mutation that causes severe mental retardation [18]. These data indicate that,
independent of its developmental role, CBP HAT activity is essential for higher
cognitive functions in adults. Furthermore, this research provides the first demon-
stration that CBP’s HAT activity is required for brain information processing and
demonstrates that histone modulation by deacetylase/acetylase activities affects
specific processes of cognitive function. Thus, CBP-dependent transcriptional acti-
vation in response to synaptic signals appears to be regulated by multiple pathways
through mechanisms that may underlie experience-induced neuronal gene expres-
sion during information encoding and memory formation (Fig. 3.5).

In independent studies, Kandel and collaborators [92] tested a developmental
model for RSTS that carried only a single crebbp allele, referred to as the CBP+/—-
deficient mice [42]. These CBP mutant mice exhibited certain typical RSTS devel-
opmental abnormalities [42], but brain gross anatomy, emotional responses, and
working memory were spared [92]. These studies revealed that chromatin acetyla-
tion, memory, and synaptic plasticity were abnormal in CBP+/—-deficient mutant
mice, providing further evidence that implicates CBP as an important component of
the molecular mechanism underlying learning and memory. Remarkably, inhibiting
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Fig. 3.5 Putative molecular mechanism underlying alterations of synaptic strength potentially
associated with cognitive performance, including memory formation. Studies have revealed that a
number of synaptic (e.g., NMDAR, CaMKII) and nuclear (e.g., CREB and CBP) molecules could
be critical for long-term memory consolidation. Long-term potentiation, or LTP, is an induced
increase in synaptic efficacy. Many believe that LTP is a laboratory model for learning and memory
[89]. Involvement of glutamate receptors, such as NMDAR, in LTP was demonstrated by Susumu
Tonagawa at a molecular level [90] and by Richard Morris in behavioral studies [91]. Neuronal
activity induces glutamate release into the synaptic cleft. Glutamate acts on the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and NMDARs. However, ini-
tially, Na* flows only through AMPAR because NMDAR is blocked by Mg. Postsynaptic
depolarization removes the Mg?* block, and then Ca** (and Na*) can flow through NMDAR. The
resultant rise in Ca** levels within the dendritic spine is the critical trigger for LTP. Ca** influx
activates CaMKII through autophosphorylation, and activated CaMKII induces molecular changes
in postsynaptic neurons, yielding a change in synaptic strength called LTP. Ca** influx in dendritic
spines activates intracellular signaling pathways, directing CREB phosphorylation, which is
required but not sufficient for NMDA-induced gene expression. Studies of Drosophila, Aplysia,
and mice clearly demonstrated the requirement for CREB in long-term memory. Further studies
implicated CREB’s partner, CBP, as an obligatory component of the molecular mechanism under-
lying learning and memory [14, 92, 93]. AMPAR is «a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, NR1 is an obligatory subunit of postsynaptic NMDAR, CaMKII
is Ca?*/Calmodulin-dependent protein kinase, CREB is a transcription factor, and CBP is coactiva-
tor of transcription and histone acetyltransferase (HAT)

histone deacetyltransferase activity, the molecular counterpart of the histone acety-
lation function of CBP, ameliorated the memory impairment and the deficit in syn-
aptic plasticity found in CBP+/—-deficient mutant mice.

Further studies of CBP function that involve different mouse models of RSTS
that employs various CBP mutations and covalent histone modifications add sub-
stantially to the understanding of CBP function in memory consolidation [93-97].
Table 3.2 provides examples of genetic studies in mouse models. As seen in the
table, disruption of the interaction between the transcriptional coactivator CBP and
a gene promoter binding transcription factor, such as CREB, led to impaired synap-
tic plasticity, fear memory, and poor performance on tasks that tested the ability to
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Table 3.2 Examples of mutations targeted to the CREBBP gene in a mouse model that revealed
high complexity of this gene function in cell regulation, development, adult neurogenesis, and

cognition

Mouse model Genotype Phenotype
Mutations that specifically target CBP HAT activity in adults:
CBP{HAT-}*** Transgenic/hemizygote (germline mutation) Deficit in LTM
N [93] Tetracycline-inducible dominant negative CBP  Normal STM
transgene that lacks HAT activity expressed in
CaMKIla positive excitatory neurons (exc.
Neur.) in the forebrain
No effects on prenatal
development
No effects on postnatal
development
CBP Viral-mediated gene transfer (somatic Deficit in LTM (limited to
{HAT- }mPFc mutation) dominant negative CBP transgene mPFC-dependent behavior)
[98, 99] that lacks HAT activity expressed in the

medial prefrontal cortex (mPFC)

Normal STM
Deficit in discrimination

between safety and danger

No effects on prenatal
development

No effects on postnatal
development

Mutations that target CBP function as a “platform”:

CBP —/— [45]
CBP A/A [44]
CBP +/A [43]

CBP +/—
[42, 92, 100]

CBP A1 [93]

CBPKIYKIX
[95, 101]

Null mutant (germline mutation)
Null mutant (germline mutation)
Heterozygote (germline mutation)

Truncated allele that expresses dominant
negative CBP truncated protein (aal—1084)

Heterozygote (germline mutation)
Normal STM

Transgenic/hemizygote (germline mutation)

Transgenic mice that express dominant
negative truncated CBP protein (aal-1083)
under control of CaMKIla promoter transgene
activated during postnatal brain development

Homozygote (germline mutation) triple point
mutation in the KIX domain

Focal homozygous k.o. No effects on prenatal
development in the dorsal hippocampus

Death in utero
Death in utero
Deficit in LTM
Normal STM

Skeletal abnormalities/
growth retardation

Deficit in LTM
Deficit in neurogenesis

Skeletal abnormalities/
growth retardation

Normal STM
Deficit in LTM

No effects on prenatal
development

Deficit in LTM

Normal STM

No effects on postnatal
development
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remember familiar objects [94]. The ability of HDAC inhibitors to rescue some
these phenotypes demonstrated that recruitment of CBP’s HAT to specific gene pro-
moters is critical for long-term memory consolidation [102].

The system-level effects of CBP hypofunction depend not only on whether the
mutation was present during development or only in the adult but also on whether
the locus of the mutation is critical. A number of studies have addressed this specific
problem with great success. Studies have shown that CBP hypofunction targeted
specifically to adult excitatory neurons [14], adult hippocampal neurons [95], adult
excitatory neurons in the medial prefrontal cortex (mPFC) [98, 99], or intra-lateral
amygdala infusion of c646 (a selective pharmacological inhibitor of p300/CBP
HAT activity) in adult mice shortly following fear conditioning [103] resulted in
selective impairment of synaptic plasticity in the targeted brain region [95, 103] and
deficits in long-term memory consolidation [14, 95, 98, 99, 103]. Further, changes
in histone acetylation in the mPFC were connected to the extinction of conditioned
fear [104, 105], whereas intrahippocampal delivery of histone deacetylase inhibi-
tors facilitated fear extinction [106].

CBP also has been implicated in adult neurogenesis, which has been linked to
higher cognitive function and depression. The reduction of CBP targeted to the
adult brain leads to abnormalities in environmental enrichment-induced neurogen-
esis [100], which provides strong evidence for the role of CBP in adult neurogenesis-
dependent enhancement of adaptability toward novel experiences [107, 108].

A CBP deficiency that results from elimination of its multiple functional domains,
including HAT, is associated with abnormal synaptic plasticity [92, 93], and altered
histone acetylation in the hippocampus correlates with new learning experiences
[92, 109]. Thus, chromatin dynamics appear to control memory consolidation via
CBP-mediated acetylation during gene activation, altering chromatin structure and
mediating gene-specific removal of epigenetically controlled repression.

Synaptic stimulation of excitatory neurons leads to increases in intracellular
Ca*" and modulation of gene expression [110, 111]. Ca®* signaling to the nucleus
has been studied extensively in neurons in culture, where it is clear that a primary
Ca** signal can act both directly through CaM in the nucleus [112-114] and indi-
rectly through the activation of other second-messenger pathways, such as cAMP
[115] and MAP kinase [114, 116]. Mayford laboratory discovered that nuclear
blocking of Ca**/calmodulin-mediated signaling in the nuclei of hippocampal neu-
rons blocks stabilization of new memories but spares learning and short-term mem-
ory [117]. Thus, both impaired nuclear Ca** signaling in excitatory neurons [117]
and a deficiency in CBP acetyltransferase activity in excitatory neurons [14] pro-
duce exactly the same biological effects, preventing memory consolidation pro-
cesses (Fig. 3.5).

Understanding how chromatin is involved in neural information processing also
is of interest. It has been established that CREB phosphorylation (a critical step for
CBP recruitment) is insufficient to induce neuronal gene expression [87, 118]. A
separate, still unknown, CBP-signaling pathway was shown to be required for
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synaptic plasticity-dependent neuronal gene expression. Conversely, Frey and
Morris proposed that heterosynaptic coactivation of both glutamate and modula-
tory receptors may be necessary to trigger the upregulation of the relevant protein
synthesis [119]. These findings suggest that multiple signaling pathways must be
activated to allow neuronal activity-dependent gene expression and that such path-
ways are critical for memory consolidation by recruiting functional CBP HAT
activity and possibly by altering chromatin structure (Fig. 3.6). Chromatin-based
information processing provides an advanced threshold control, whereby the
nuclear signal generated as a sum of individual synaptic signals determines the
outcome. If transcription is specifically induced by combining synaptic signals in
the presence (or absence) of other irrelevant signals, chromatin may function to
filter neural information. Thus, the integration of brief synaptic signals by CBP in
the nucleus leads to (a) reversible changes in chromatin structure that result in
removal of gene-specific epigenetically controlled repression, (b) transient altera-
tions in the gene expression that last a few hours after the initial learning experi-
ence, and, subsequently, (c) permanent learning-dependent changes in neuronal
networks (Fig. 3.6).

The model presented in Fig. 3.6 has several implications. The gating and filter-
ing of neural signals by chromatin suggests an additional layer of complexity for
computational aspects of neural networks. The chromatin gating/filtering hypoth-
esis provides a novel way to discriminate stabilized changes in neural networks.
Another implication of this model has more practical use in biomedical research.
This implication is that epigenetic mechanisms permit biological systems to
respond and adapt to environmental stimuli by altering gene expression.
Alternatively, environmental influences can provoke undesired and persistent epi-
genetic effects that may increase susceptibility to mental retardation, long-latency
ailments of the nervous system, and unsuccessful aging. Recently, strong evidence
has implicated epigenetic mechanisms based on chromatin remodeling as the
cause of neuronal dysfunction [120, 121]. Future research should broaden the
study of molecular mechanisms that are involved in the stabilization of learning-
initiated changes in neuronal networks underlying memory consolidation and pro-
vide new avenues to investigate mental illnesses, including memory disorders and
psychostimulant-elicited plasticity in the brain-reward system that underlies drug
addiction.

The model presented in Fig. 3.6 is consistent with the prevailing hypothesis of
learning and memory in the mammalian brain, which postulates that the ability to
learn involves a selective and bidirectional modification of individual synapses,
such that the same stimulus elicits different responses before and after learning
[73]. Each learning experience initiates changes in specific synapses that, subse-
quently, translate into alterations of neuronal network properties and alter behav-
ioral responses. During initial learning, protein synthesis inhibitors allow animals
to learn and remember a given task for a few hours but severely impair memory
after 24 h [51]. The link between gene expression and synapse alteration suggests
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Fig.3.6 Proposed model for CBP HAT involvement in long-term memory consolidation. Before
activation, target genes are repressed by chromatin structure. Signal-inducing CREB phosphoryla-
tion must occur but is not sufficient. It is well known that CBP is independently regulated in
response to NMDA. A second signal is required to remove chromatin repression. This can be
accomplished by CBP-dependent histone acetylation. The covalent modification by HAT activity
leaves long-lasting marks on chromatin at the target genes. This represents a very attractive mecha-
nism for the regulation of long-lasting transcriptional changes associated with long-term synaptic
and behavioral plasticity. The proposed model postulates that two signals—the first signal induces
CREB and the second signal removes repression of target genes by chromatin acetylation—are
required to occur during initial learning. This sort of the acetylation-mediated covalent modifica-
tion by CBP could change requirements for subsequent transcriptional activation of genes in
response to future signals. This would open a temporal window in which cellular signals, which
would not recruit acetyltransferase, would nevertheless stimulate transcription required for mem-
ory consolidation. Chromatin opening at the target genes by acetylation would allow for prolonged
transcription, even in the absence of an initial stimulus. After execution of “memory program,”
these transiently activated gene expression would shut down via default mechanisms controlled by
ubiquitous HDACs, allowing for a homeostatic update of integrated circuits. Model initially pre-
sented in Korzus et al. (2004) [14], modified by author

that protein synthesis is required to permanently alter synapses modified by a
learning experience [122]. Thus, the molecular neuronal changes during informa-
tion acquisition have pivotal effects on gene expression, facilitating the conver-
sion of short- to long-term memory. Recent research has revealed that the rate of
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transcription is a function of the physical state of chromatin and that chromatin
plasticity mediated by chemical modification allows dynamic changes in gene
expression without changing the DNA sequence [123, 124].

Chromatin functions are not limited to controlling the transmission of genetic
and epigenetic information. Based on current data, it has been proposed that
chromatin dynamics in individual neurons may shape neural information pro-
cessing for what is or is not permanently stored. This hypothesis is consistent
with the view that knowledge is not encoded in a simple molecular form but
reflects the dynamics of neural interconnectivity throughout the brain. This
hypothesis postulates that epigenetic regulation controls cognitive performance
and may explain some of the cognitive phenotypes associated with epigenetic
disorders, such as RSTS.

3.3.3 Potential Therapeutic Applications of Histone Deacetylase
Inhibitors for RSTS

It is feasible to infer that epigenetic aberrations can be “healed” because the major
feature of epigenetic changes is their reversibility. Whereas the specificity of these
changes creates a major challenge, the global patterning of epigenetic marks can
be controlled by generating an appropriate balance between histone acetylation
and deacetylation (e.g., [14]). In addition, there is growing evidence that shows
that a variety of available drugs are capable of reactivating epigenetically silenced
genes, including a variety of HDAC inhibitors, including suberoylanilide
hydroxamic acid (SAHA), valproic acid (VPA), and trichostatin A (TSA). It also
has been demonstrated that DNA demethylation drugs, such as zebularine and
5-aza-20-deoxycytidine (5-ADC), are capable of unlocking previously inactive
genes. Although some of these drugs are being used in cancer treatment therapies,
epigenetic drugs have recently been considered for neurological and mental disor-
ders [125]. Preclinical studies of mouse models for RSTS with reduced HAT
activity demonstrated that some of the cognitive impairments could be amelio-
rated with HDAC inhibitor treatment [14, 92]. Recently, Lopez-Atalaya et al.
reported that deficits in the levels of histone H2A and H2B acetylation in lympho-
blastoid cell lines derived from nine patients with RSTS2 were rescued by treat-
ment with the HDAC inhibitor TSA [126]. Although some HDAC inhibitors show
positive effects on memory and synaptic plasticity [102, 106, 109, 127, 128], the
HDACS3 gene was found to negatively regulate long-term memory [129]. In fact,
HDAC inhibitors have been used in the past by psychiatrists as mood stabilizers
and antiepileptics (e.g., VPA). Epigenetic regulators are being intensively investi-
gated as a possible treatment for cancers [130], parasitics [131], inflammatory
diseases [124] and, more recently, mental and neurological disorders, including
RSTS [132-134].
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