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Sinopsis

Desregulacion transcripcional y desacetilacion de lisinas en trastornos neurologicos:

La enfermedad de Huntington y el sindrome de Rubinstein-Taybi

Los déficits cognitivos y otros sintomas neuroldégicos asociados con el
envejecimiento, las enfermedades neurodegenerativas, la enfermedad de Alzheimer,
patologias PolyQ como la enfermedad de Huntington (EH), y ciertos trastornos
congeénitos que manifiestan discapacidad intelectual, tales como el sindrome de
Rubinstein-Taybi (SRT), han sido relacionados con niveles alterados de acetilacion
de histonas neuronales. Sin embargo, la relacion entre cambios transcripcionales y
alteraciones epigenéticas en estas dolencias es aun poco claro. En este estudio
examinamos la correlacion a nivel gendmico de los defectos de la acetilacion de
histonas y los cambios de expresion génica en un modelo de ratén de la EH
(HD82Q). Nuestro analisis identificd cientos de loci que presentaron hypoacetilacion
para las marcas epigenéticas H3K9/14ac and H4K12ac en la cromatina de dichos
ratones. Solo unos pocos de estos genes presentaron niveles de transcripcion
significativamente alterados y viceversa. Sin embargo, dicho grupo de genes
aparecen consistentemente afectados en diferentes areas del cerebro y modelos de
ratdn, y en tejido de pacientes, lo cual sugiere un papel clave en la etiologia de esta
patologia. De forma general, el rastreo genodnico realizado en este estudio
demuestra que la desregulacion de la acetilacién de histonas y la expresiéon génica
se comportan como dos eventos tempranos pero independientes en la patologia de
la EH. En analisis posteriores, hemos extendido a otros modelos animales y
celulares de la EH nuestra observacion acerca del impacto limitado de la patologia
causada por polyQ en cambios globales en la acetilacion de histonas. Como en el
caso de los ratones HD82Q, encontramos que la desacetilacién de histonas no es
global sino que se localiza en el sitio de inicio de la transcripcion de genes
relevantes para el funcionamiento neuronal. Ademas pudimos detectar que estos
cambios locales a veces coinciden con una reduccion en la trimetilacién de la
histona 3 en K4 (H3K4me3), otra modificacion epigenética relacionada con genes
activos, lo que podria determinar una mayor susceptibilidad de estos loci a la

desregulacion transcripcional.



En la segunda parte de esta tesis se llevo a cabo la caracterizacion de la linea
de ratéon Nes-cre::CBP". En estos ratones, la funcidon acetiltransferasa de histonas
(KAT) de CBP es eliminada selectivamente de la linea neural. Por ello estos ratones
resultan utiles para determinar el papel de CBP en el desarrollo del sistema nervioso
y la etiologia del SRT que esta causado por mutaciones en el gen que codifica dicha
proteina en humanos. La falta de CBP en la linea neural da lugar a muerte perinatal
y a un defecto severo en el crecimiento de neuritas en cultivos primarios de
embriones homocigotos. Ambos fenotipos estan asociados a una desacetilacion
severa de histonas. Con el objetivo de revertir la hypoacetilacion de histonas
presente en SRT desarrollamos una herramienta genética que consiste en un
lentivirus (LV) recombinante que sobre-expresa la actividad KAT de CBP
especificamente en neuronas (KAT-LV). Observamos que la herramienta KAT-LV
incrementd eficientemente la acetilacion de histonas en los cultivos de embriones
homocigotos y restablecié parcialmente la integridad del arbol dendritico. Dicha
estrategia podria facilitar un nuevo abordaje terapéutico no solo para el SRT, sino
también en otras enfermedades neurologicas asociadas a la desacetilacion

patoldgica de histonas neuronales, como la EH.



Abstract

Lysine deacetylation and transcriptional dysregulation in neurological disorders:

Huntington’s disease and the Rubinstein-Taybi syndrome

Cognitive decline and other neurological symptoms associated with aging,
neurodegenerative diseases such as Alzheimer’'s diseases or poliglutamines (polyQ)
diseases (e.g. Huntington’s disease (HD)) and congenital intellectual disability
disorders (e.g., Rubinstein-Taybi syndrome (RSTS)) have been associated with
reduced level of neuronal histone acetylation. Here we investigate the genome-wide
correlation of histone acetylation and gene expression defects in a HD mouse model
(HD82Q). Our analyses identified hundreds of loci that were hypoacetylated for
H3K9/14 and H4K12 in the chromatin of HD82Q) mice. Surprisingly, few genes with
altered transcript levels in mutant mice showed significant changes in these
acetylation marks and vice versa. Genes in this group were consistently affected in
different brain areas, mouse models and tissue from patients, which suggests a role
in the etiology of this pathology. Overall, our histone acetylation and gene expression
screens demonstrate that these phenomena are two early, largely independent,
manifestations of polyQ disease. Subsequently, we extended the observation of the
limited impact of polyQ pathology in global histone acetylation profiles to other animal
and cellular HD models. In the absence of bulk chromatin changes, we documented
histone deacetylation events at the transcription start sites (TSS) of relevant genes
for neuronal functioning. These local deficits can be associated with an increased
susceptibility for transcriptional dysregulation and defective trimethylation of histone
H3 at lysine 4 (H3K4me3), another covalent modification of the histone tails related
with active transcription that is also altered in HD. Overall, this study provides further
insight into the nature and extent of epigenetic dysregulation in HD pathology.

In the second part of this thesis we addressed the role of the CREB-binding
protein (CBP), a transcriptional co-activator which mutation is linked to the RSTS. To
this end, we generated and characterized a Nes-cre::CBP" mouse line. These mice
presents the ablation of CBP in neural-derived cells, hence, they are usefull to
determine the role of CBP in the development of the nervous system and the etiology
of the RSTS). The absence of CBP in neural-derived cells caused perinatal death

and severe neuronal growth defects in primary hippocampal cultures. Both



phenotypes were associated with a severe histone hypoacetylation. In order to
counteract the reduced histone acetylation observed in RSTS, we have designed and
generated recombinant lentiviruses (LV) that overexpress the KAT activity of CBP
specifically in neurons (KAT-LV). The KAT-LV vector efficiently reverted histone
acetylation deficits and led to a partial recovery of the dendritic tree integrity in
primary hippocampal cultures from homozygous embryos. This strategy may
represent a novel therapeutic approach not only for RSTS but also for others

neurological diseases associated with neuronal histone deacetylation like HD.



Front cover illustration: At the top, it is presented an image of a cultured
hippocampal neuron infected with a lentivirus that expresses a mutant huntingtin

protein (green) and transfected with DsRed for whole cell labeling (red).

Back cover illustration: A primary hippocampal culture from a control embryo of the
Nes-cre::CBP™ mouse line labeling with the neuronal marker MAP2 (red), the glial
cell marker GFAP (green) and the DNA stain DAPI (blue).
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Introduction

1. Transcriptional and epigenetic regulation of brain function

1.1.1 Basic principles of transcriptional regulation

Mechanisms of transcription and translation take the information encoded in the DNA
to synthesize proteins via an RNA intermediate. Transcription is the first step in which
a particular segment of DNA is copied into RNA by the enzymes RNA polymerases.
In particular, RNA polymerase Il (RNApol IlI) forms a protein complex for the
expression of messenger RNA (mRNA) to copy coding genes and a majority of non-
coding RNAs such as small nuclear RNAs, small nucleolar RNAs and miRNA (Porrua
and Libri, 2015).

Transcription proceeds through multiple stages: preinitiation, initiation,
elongation and termination. A key controlling point for transcription is the initiation, in
which trans-acting proteins (the so-called transcription factor, TFs) bind to the cis-
acting elements that are present in the DNA. The interaction with evolutionarily
conserved proteins called general transcription factors (GTF) are required for RNApol
Il recruitment and activity (Goodrich and Tjian, 1994) at the core promoter. The core
promoter, generally defined as the minimal stretch of DNA that is sufficient to direct
the accurate initiation of transcription by RNApol Il (Kadonaga, 2012), can include
several DNA elements, such as the TATA box, recognized by the GTF TFIID (Lifton
et al., 1978), the transcription start site (TSS, the location where transcription starts
at the 5'-end of a gene sequence) (Orphanides and Reinberg, 2002), the Initiator
(Zajac et al. 2010; Smale and Baltimore, 1989), the BRE motif (TFIIB recognition
element) (Lagrange et al., 1998), among others, although no universal core promoter
element exists. In addition to the core promoter, other cis-acting DNA sequences can
also regulate RNApoll Il transcription, such as the proximal promoter (the region
immediately upstream (up to a few hundred base pairs) from the core promoter,
which are bound by sequence-specific factors, enhancers, silencers, and
boundary/insulator elements (Bondarenko et al., 2003, Kadonaga, 2004).

Overall, TFs can cooperate in activating or suppressing gene expression by
interacting with cis-acting elements and GTF/RNA pol Il, as a result of the cellular
circumstances, general activity in the nucleus, spatial organization (Bergqvist and
Rice, 2001), their affinity for the DNA binding sites, interaction/recruitment events, etc
(Herdegen and Leah, 1998). TFs can also have a role in transcriptional elongation

and termination in gene regulation. Therefore, these factors bind specific sites on the



DNA at both the promoter and distal positions (even 1 Mb away). In general terms,
prior to binding, members of the same family recognize variations of specific
sequences; for instance, the CREB family members bind to cAMP Response
Element (CRE) (Mayr and Montminy, 2001), SRF to SRF Response Elements (SRE)
(Norman et al., 1988), Zn-finger proteins to the highly GC-rich sequences of KREs
(“Krox Response Elements” by EGR members), GC-boxes (by Sp members), etc
(Poirier et al., 2007). In the case of distal positions, TFs interacts with enhancer
regions that modify the promoter activity but are not effective alone. Thus, distant
enhancer sites can be positioned by bending and distorting the DNA close to the

basal machinery already located at the initiation site.

1.1.2 Basic principles of epigenetic regulation

In 1942, Conrad Waddington coined the term “epigenetic” to describe how the

genetic information in a ‘genotype’ manifests itself as a set of characteristics, or

‘phenotype’ (Waddington, 2012) (reprinted). The concept continues evolving and

“epigenetics” has become a common word in modern biology without a satisfactory

consensual definition into the broader scientific society (Jablonka and Lamb, 2002).

Currently, the term ‘epigenetic regulation’ refers to the presence of dynamic chemical

markers in genes that do not involve a change in the DNA sequence (Rountree et al.,

2001; Baylin, 2005; Feinberg et al., 2006) but contribute to define how genetic

information is expressed. Thus, every cell in a human body containing exactly the

same genetic material can behave in different ways. Another well-known example of
epigenetic variety comes from monozygotic twin studies where the discordance rates
for common diseases have revealed the existence of epigenetic differences that
diverge as they become older, despite been considered genetically identical (Fraga

et al., 2005).

Epigenetic mechanisms can be classified as follows:

- DNA covalent modification: e.g., methylation and hydroxymethylation of cytosines
(Guibert and Weber, 2013).

- Post-translational modifications (PTM) of histone proteins: e.g., acetylation (Ac),
methylation (me), phosphorylation (S), ubiquitylation (Ub), SUMOylation, ADP
ribosylation (Kouzarides, 2007).

- Exchange of histone variants (e.g., H1; H3.3; H2A.Z, H2A.X; macroH2A) (Soria et
al., 2012).
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- Chromating remodeling and 3D organization.

- An additional layer of epigenetic regulation is certain non-coding RNA species
(ncRNA), such as piwiRNAs, which play an important role organizing the
chromatin architecture by recruiting the chromatin modifying machinery (Esteller,
2011, Gomes et al., 2013).

Epigenetic mechanisms are associated with compaction degree and stability
of the chromatin and chromosomal functional partitioning. Chromatin is a densely
packed nucleoprotein complex composed by DNA, proteins and RNA. The repeating
core subunit of chromatin is the nucleosome (147 bp of DNA wrapped around the
histone octamer complex (two dimers of each histone protein H2A, H2B, H3 and H4))
(Kornberg, 1977, McGhee and Felsenfeld, 1980). Therefore the nucleosome
structure has an impact in transcription. In the case of histone PTMs, some of them
are associated with transcriptional activation while others are associated with
transcriptional repression. Specifically, active genes are marked by tri-methylation on
lysine 4 of histone H3 (H3K4me3) (Heintzman et al., 2007) and the acetylation of
histones is, in general, related with transcriptionally active genes. However, histone
methylation (me) can serve as both an activator and repressor of transcription,
depending on the residue being modified and the degree of modification (i.e. mono-,
di(me2)-, or trilme3)-methylation). The best studied repressive histone modifications
are the methylation of lysines 9 and 27 of histone H3 (H3K9me2/3 and H3K27me3)
(Choukrallah and Matthias, 2014). In contrast H3K4/36/79me is higher in the
transcribed region than at the promoter, suggesting a link with transcription
elongation stage (Gerber and Shilatifard, 2003). In general, acetylation of histones is
related with transcriptionally active genes whereas DNA methylation establishes a
silent chromatin state.

Epigenetic modifications are mediated both by general and tissue-specific
cofactors with enzymatic activity (acetylases, deacetylases, kinases, phosphotases,
methylases and demethylases), whose interaction with TFs contribute to determine
the extent to which genes are expressed (Zaidi et al., 2005). As an example, we can
mention the Polycomb-group complexes (PcG) that play essential roles in the
epigenetic regulation of gene expression during development. One of these
complexes is the PRC1, which includes the E3 ubiquitin ligase responsible for the
monoubiquitylation of H2A at K119 and has been linked to the silencing of

developmental genes. Albeit, another event is involved, the H3K27 trimethylation by



the PRC2 complex is a prerequisite for the chromatin association of PRC1. In
contrast, the monoubiquitylation of H2B at K120 is associated with gene activation.
One main function of monoubiquitylated H2B is the regulation of other histone
modifications, that is, the modification of H3K4 and H3K79 by histone
methyltransferases (Braun and Madhani, 2012, Cao and Yan, 2012). Another
example is the SWI/SNF-family complexes, which are large chromatin-remodeling
proteins that physically alter nucleosome positioning using energy generated by ATP
hydrolysis, providing an appropriate nucleosome location and density at a large
number of genes (Kasten et al., 2011).

A fundamental role for epigenetic mechanisms has been described during
development and cellular differentiation, contributing to generate an environment that
allows cell type-specific gene expression underlying cellular identity (Bonasio et al.,
2010). Nonetheless epigenetic mechanisms in the control of both normal cellular
processes and abnormal events in disease have gained a relevant attention over the
past decade. Moreover, as we will see in the particular case of the nervous system,
epigenetic can also play a relevant role in both physiological and pathological

processes in adulthood.

1.1.3 Lysine acetylation and the regulation of gene expression

Among the multiple histone PTMs, the acetylation of lysines (K) at their N-terminus is
the most studied in the context of cognition and neuropathology. Histone (or lysine)
acetyltransferases (HAT/KAT) and histone deacetylases (HDAC) (Valor et al., 2013b)
catalyze the acetylation and deacetylation of histone proteins at K residues,
respectively (Fig. 1) (Valor et al., 2013b). The interplay between KATs and HDACs
alters the net balance of histone acetylation levels, thereby promoting changes in the
chromatin structure. In general, an increase in protein acetylation by the addition of
an acetyl group to K residues located at the histone-tails neutralizes the basic charge
of this residues and weaken the contact between histones and DNA, which causes
the relaxation of the chromatin, thus facilitating or enabling the access of transcription
factor to the gene promoter and allowing gene expression. HDACs often function as
a component of transcriptional repressor complexes to silence gene expression and
induce chromatin compaction through histone protein deacetylation. However, the
proposed causal flow histone acetylation - chromatin relaxation - gene activation is

not clear (Chuang et al., 2009). Correlation is not sufficient for the establishment of
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causality (Lopez-Atalaya and Barco, 2014), genomic data indicates that the real
situation in vivo is more complex than previously envisaged (see section 1.1.4 and
1.1.5) and active genes contain both KAT and HDAC activities at the same time
(Wang et al., 2009b). This is especially relevant for poised genes (inactive but ready
for transcription), as the balance between both enzymatic reactions determines future
gene activation or inactivation. In addition, an important aspect to have into
consideration is that KAT and HDAC enzymes also target non-histone substrates
(Choudhary et al., 2009, Gaub et al., 2010) such as transcription and chromatin
remodeling factors and regulatory subunits of the RNApol Il complex (See Table 1
for the description of the different KAT/HDACs enzymes and their targets) that can
contribute to transcriptional processes (Fischle et al., 2002, Sterner et al., 2002,
Lahm et al., 2007, Bedford and Brindle, 2012, Sun et al., 2013).

Other
proteins

Figure 1. KAT and HDAC activities. The illustration shows the dynamic state of histone
acetylation/deacetylation cycle regulated by KAT and HDAC activities. Transcription factors and others
proteins also are substrates of KAT and HDAC enzymes. HDACi binds to HDAC and inhibits its
function. KAT, histone acetyl transferase; HDAC, histone deacetylases; HDACI, histone deacethylases
inhibitors; Ac, acetylation; TFs, transcription factors. Adapted from Lopez-Atalaya and Barco, 2014.
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Table 1. Summary of known acetyltransferases and deacetylases enzymes and

representative substrates

Name Enzyme Substrates specificity Reference
KAT3 A/B CBP/p300 H2AKS5, H2B (K5, 12, 15, 20), H3 (K9, 14, Valor et al.
18, 27), H4 (K5,8) Tie et al.
Selvi et al.
CREB Lundblad et al.
RNApol Il complex (TFIIEbK52 and TFIIF)  Imhof et al.
pS3 Gu et al.
Nf-kB Romano et al.
pRb Chan et al.
others TFs Yeh et al.
Boyes et al.
KAT2B PCAF H3K9/14 Love et al.
KATS Tip60 H4, H2A, H3
KAT13B ACTR H3, H4
Class | HDAC HDAC1 All core, p53
(Zn-dependent) HDAC2 Turner et al.
HDAC3 All core
HDAC8
Class Il HDAC HDAC4 MEF2A Zhao et al.
(Zn-dependent) HDAC5 GCM1 Chang et al.
HDAC6 H4K5,8 Marks et al.
Tubulin Hubert et al.
HDAC7
HDAC9
HDAC10
Class Il HDAC Sirt1 MEF2A Zhao et al.
(NAD+-dependent) FOXO proteins Saunders et al.
E2F1 Wang et al.
p53 Saunders et al.
Sirt2 p53 Langley et al.
H3K9/14 and H4K16 Imai et al.
H3K56 Xu et al.
tubulin Saunders et al.
Sirt3
Sirt4
Sirts
Sirt6
Sirt7
Class IV HDAC HDAC11 Gao et al.

(Zn-dependent)

All core: histones H2A, H2B, H3 and H4.
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1.1.4 Relevance of transcriptional and epigenetic mechanisms in the adult brain

A considerable amount of literature has vastly described the link between neurons
and their response to external environment. One of the consequence of neuron-
stimuli connection is the induction of the transcription of activity-responsive genes
and the expression of synaptic effectors at the nuclear level (Loebrich and Nedivi,
2009).

The effects of sensory experience are manifested by the release of
neurotransmitter at excitatory synapses. For instance, the primary neurotransmitter in
vertebrates (glutamate) is released from the presynaptic terminal and binds to its
receptors (NMDAR and AMPAR) on the postsynaptic neuron. As a result, the
postsynaptic cell membrane depolarizes (as the Na* and K" ions enter the cell via
AMPAR) leading to an activation of channels (NMDAR and VGCC) followed by a
primary influx of calcium into the cytoplasm as a principal activator of a program of
gene expression in the nucleus (Greenberg et al., 1986, Sheng and Greenberg,
1990, Zhang et al., 2007). Recently, a mechanism describing the functional
connection between presynapse sites and neuronal gene expression has been also
reported (lvanova et al., 2015, Kravchick and Jordan, 2015).

Neuronal responses to stimuli can be classified as early and late responses at
the level of transcription. The early response occurs rapidly after stimulation and lasts
from milliseconds to minutes. This “first wave of gene expression” is represented by
the so-called immediate early genes (IEG), which encode TFs, secreted and synaptic
proteins, intracellular signaling molecules and enzymes (Herdegen and Leah, 1998,
Loebrich and Nedivi, 2009). IEG definition refers to their rapid and transient
induction, which occurs in the absence of de novo protein synthesis making possible
to track neurons that have been recently activated. Greenberg and co-workers in
1985 were the first in demonstrate the importance of stimulus-dependent regulation
of IEG transcription in neuronal cells. They observed that the nerve growth factor and
epidermal growth factor (EGF) induced Fos transcription in the neuroendocrine cell
line PC12 (Ghosh and Greenberg, 1995). These initial findings opened many
subsequent studies that established activation of signaling pathways by second
messengers, such as calcium, as a central mechanism for synaptic activity-regulated
transcription in neurons (Ebert and Greenberg, 2013). Conversely, the late response
lasts from hours to days. This “second wave of gene expression” is thought to be

prominently controled by the TFs generated in the primary response. Overall, both
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the first and second transcriptional responses provide effectors molecules implicated
in functional or structural synaptic remodeling that may help in strengthen or weaken
the synaptic connections (Kandel, 2001).

Depending on their basal expression level, two classes of TFs can be
distinguished “constitutive” and “inducible” (i.e., CTF and ITF). CTFs are
constitutively expressed but only become activated upon cellular stimulation. In
neurons, CTFs include cyclic adenosine monophosphate (cCAMP) Response Element
Binding Protein (CREB) and members of the Activating Transcription Factor (ATF)
family, as well as Serum Response Element (SRF), Myocyte Enhancer Factor 2
(MEF2), and Nuclear Factor kappa-light-chain enhancer of activated B cells (NF-xB).
ITFs are not expressed under basal conditions and they are downstream of CTF.
ITF, are represented by members of FOS (FBJ murine osteosarcoma viral oncogene
homolog), JUN (proto-oncogene) and EGR (Early Growth Response) families. Both
CTF and ITFs can be classified as “activity-dependent TFs” (ADTF), as their
activation and/or expression are regulated by activity (Flavell and Greenberg, 2008).

In addition, the covalent modification of the chromatin can also be regulated by
neuronal activity. Many of the enzymes responsible for PTMs of histones are
modulated by upstream activity-dependent signaling cascade (Fig. 2) (Roh et al,,
2005, West and Greenberg, 2011). As an illustrative example, the Mitogen- and
Stress-activated protein Kinase 1 (MSK-1) (a nuclear protein kinase activated
downstream of the MAPK/ERK signaling pathway) induce transient serine (Ser) 10
H3 phosphorylation which has been related to transcriptional activation of IEGs
(Nowak and Corces, 2000) via the EGF-signaling pathway (Mahadevan et al. 1991),
playing a key role in neuronal plasticity (Mahadevan et al., 1991, Crosio et al., 2003).
Moreover, the phosphorylation of Ser10 in H3 is functionally linked to both the
repression of methylation at K9 and the acetylation at K14 (Cheung et al., 2000;
Fischle et al., 2005; Lo et al. 2000). MSK-1 also has a dual role in gene regulation
given that it can phosphorylate the TF CREB at Ser133 (Deak et al., 1998).

Overall, transcriptional and epigenetic mechanisms may subserve modulation
of different forms of plasticity like:

* Synaptic plasticity - the capacity of synapses to strengthen or weaken in
response to activity. In particular, two forms of synaptic plasticity, namely

Long-Term Potentiation (LTP) and Long-Term Depression (LTD) have been

widely used as cellular “analogues of memory”. Transcription is a hallmark for
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long but not short-term synaptic plasticity. A reasonable number of cognitive-
associated genes are epigenetically modified in response to experience, such
as Bdnf, Reln, Egr1, PP1, Arc and Caln (Day and Sweatt, 2011). There are
increasing evidence implicating both DNA methylation and histone PTMs that
shape the epigenetic state of chromatin in the nervous system in response to
induction of plasticity and formation of memory. Specifically, the co-occurrence
of acetylation at H3K9/14, H4K5/8, and H4K12 after fear conditioning in young
mice have been associated with hippocampal transcriptional changes in
hundreds of genes (Peleg et al., 2010). In contrast, aged mice exposed to the
fear conditioning show low acetylation levels at H4K12 and very modest
changes in gene expression in concomitance with learning deficits. Like
histone modifications, DNA methylation has been also implicated in learning
and long term memory processes (Day and Sweatt, 2011). The first
indications that DNA methylation may play a role in cognition came from Miller
and Sweatt (2007) who showed that contextual fear conditioning caused the
upregulation of different subtypes of DNA methyltransferase enzymes (DNMT)
gene expression in the adult rat hippocampus. This upregulation was
associated with rapid methylation and downregulation of the memory
suppressor gene PP1 and demethylation and upregulation of the synaptic
plasticity gene reelin, indicating that enzymatic activities, methyltransferase
and demethylase, act during consolidation (Miller and Sweatt, 2007, Rudenko
and Tsai, 2014). It is also important to indicate that the same epigenetic mark
occuring at different genomic sites (TFs binding sites, TSS, etc) or in different
context (cell type, brain structure, etc) migh cause different effects on gene
transcription.

Intrinsic plasticity - this particular form of plasticity can significantly affect the
input-output relationship of neuronal networks (e.g., the modulation of voltage-
and calcium-gated ion channels to regulate synaptic integration and action
potential generation) (Sehgal et al., 2013). There is growing evidence from the
pain and epilepsy fields demonstrating that epigenetic mechanisms underlie
neuronal hyperexcitability in these disease states (Beck and Yaari, 2008). For
example, the Repressor Element 1-Silencing Transcription factor (Carninci et
al., 2006) has been involved in the control of fundamental transcription

programs that drive circuit excitability, seizures and epilepsy. REST enables
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many histone modifications on its Neuron Restrictive Silencing Element
(NRSE)-containing target genes by recruiting lysine-modifying enzymes via
multiple corepressors such as the histone deacetylase complex subunit
(Sin3a), the transcriptional repressor Methyl-CpG binding Protein 2 (MeCP2)
and the REST corepressor 1 (CoREST). It has been shown in animal models
of neuropathic pain, the downregulation of genes encoding for sodium channel
and potassium channel. These decreased transcript levels were associated
with enhanced binding of REST and hypoacetylation of histone H3 and H4 at
NRSEs in the promoter regions of these genes (Uchida et al., 2010).

Synaptic scaling - this is a cell-autonomous form of homeostatic plasticity to
compensate excessive excitation or inhibition of neuronal activity, both from
membrane-to-synapse and from synapse-to-membrane. The most commonly
studied form of homeostatic plasticity is mediated by AMPA (a-Amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) receptors, which consists on a
cell-wide multiplicative increase in the quantal amplitudes of spontaneous
AMPAergic currents after chronic reductions in AMPAergic transmission (Fong
et al., 2015).

For additional information see the review (Guzman-Karlsson et al., 2014).
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Figure 2. Mechanisms that regulate activity-dependent transcription of Fos. The top panel shows
a repressed state of Fos in absence of activity. Without activity, HDAC is recruited by Elk-1 and the
Retinoblastoma (Rb)-BRG1-CREST complex. RNA polymerase 1l (POLIl) is also located at the
promoter, which has the presence of H3K4me3 at promoter histones. The bottom panel shows Fos
transcription after activation of calcium-dependent signaling pathways. CBP is recruited to
phosphorylated CREB, inducing local histone acetylation whereas Rb is desphosporilated and
releases the HDAC. POLII and CBP are also recruited to H3K4m1 enhancer regions that are
prebound by SRF and CREB. The enhancer and the Fos promoter interact through long distance
looping inducing transcription of Fos mRNA and of eRNAs (green lines). Ac, acetylation; me1,
monomethylation; me3, trimethylation; P, phosphorylation. Adapted from West and Greenberg, 2011.

1.1.5 Relevance of histones acetylation and transcriptional dysregulation in
neurological disorders

The complexity in the functioning of the nervous system relies on multiple cellular
and molecular processes that are intimately connected. As commented in the section
1.1.4, epigenetic modifications are critical for basic cellular processes such as
synaptic plasticity, and for complex cognitive behaviors such as learning and
memory. It has been proposed that alteration in the level of neuronal lysine

acetylation in the brain may underlie cognitive decline and other neurological
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symptoms associated with aging, neurodegenerative diseases, etc (i.e, Huntington’s
and Alzheimer’s diseases (AD).

In general, we can observe three different lines of evidence (Lopez-Atalaya
and Barco, 2014) that support a role for aberrant lysine acetylation in pathological

conditions in the brain:

(i) Genetic evidence, in which mutations in histone- modifying enzymes,
including activities that regulate the acetylation of histone tails, are found in
patients with cognitive impairment. An example of this scenario is the
mutations in epigenetic genes linked to intellectual disability disorders
(IDDs) i.e.: Rubinstein-Taybi syndrome (RSTS) (Padfield et al., 1968; Petrij
et al., 1995; Graff and Tsai, 2013), see section 1.3 for more detail.

(i) Pharmacological evidence, which emanate from the beneficial effect of
inhibitors of histone deacethylase (HDACi) and small KAT activator
molecules in multiples models of cognitive disorders. These compounds
also improve memory in wild type animals (Fischer et al., 2010).

(iii)  Correlative evidence, in which different conditions like aging, Huntington’s
or AD exhibit neuronal histone hypoacetylation associated with gene
expression defects. However, the consequential or causal relationship
between transcriptional and acetylation alterations remain under
discussion (Govindarajan et al., 2011; Peixoto and Abel, 2013; Valor et al.,
2013a).

In spite of histone hypoacetylation being the most frequently observed change
in neurological diseases others PTMs also have a relevant impact in neurological
disorders. For example, histone phosphorylation alterations are typical in AD and
epilepsy, and H3K9 hypertrimethylation has been described in both HD (Urdinguio et
al., 2009) and Friedreich’s ataxia (Al-Mahdawi et al., 2008). Moreover, the IDDs
caused by mutations in genes that encode proteins involved in epigenetics regulation
of gene expression form a long list (Kleefstra et al., 2014). To cite some examples,
the Kleefstra syndrome is caused by the loss of EHMT1, a gene that encodes for
euchromatic histone methyltransferase and catalyzes mono- and dimethylation of
histone H3K9, leading to derepression of non-neuronal genes in adult neurons and

resulting in defects in learning, motivation, and environmental adaptation (Schaefer
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et al. 2009; Parkel et al., 2013). Also, the histone demethylase PHF8 has been
involved in X-linked mental retardation (Kleine-Kohlbrecher et al., 2010).

Epigenetic and transcriptional dysregulation can be early manifestations of
particular psychiatric or neurodegenerative diseases, which may provide a powerful
means for pharmacological treatments. For example, a study conducted in HD blood
samples identified a panel subset of up-regulated mRNAs that was able to
discriminate controls, presymptomatic individuals carrying the HD mutation, and
symptomatic HD patients. In addition, these transcripts were also alered in
postmortem HD caudate, indicating that these mRNAs could be good candidates as
biomarkers, useful in monitoring the progression of HD in blood (Borovecki et al.,
2005). Another example for potential use in early diagnosis comes from gene
expression profile in fibroblasts from different individuals of three familial AD. In this
case, the mutation carriers share a common gene expression profile significantly
different from that of their wildtype siblings. The results indicate that the disease
process starts several decades before the onset of cognitive decline, suggesting that
presymptomatic diagnosis of AD and other progressive cognitive disorders may be
quite worthy (Nagasaka et al., 2005).

In the next section, | will introduce in greater detail two disorders, Huntington’s
disease, as an example of neurodegenerative disease, and RSTS, as an example of
intellectual disability disorders, that have provided relevant clues for understanding
the interplay between transcriptional dsyregulation and histone deacetylation in

neuropathology.

1.2 Huntington’s Disease

1.2.1 Historical background

The first description of HD was provided in 1872 by George Huntington (1850-1916)
shortly after being graduated from the medical school at Columbia’s University. His
paper entitled 'On Chorea', in the Medical and Surgical Reporter of Philadelphia
(Huntington G: On chorea. Med Surg Rep 1872; 26:317-321), has become a
classical in neurological disease descriptions. Since its publication the iliness bore
his eponym “Huntington’s chorea”. The disease was also called "Vitus Dance" in the

late Middle Ages, due to its resemblance of a dancing festivity after the name of a
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local Christian Patron Saint in the region of Prague and Bohemia, a name that was
also assigned to different movement disorders (Bates et al., 2002). The name
“Huntington’s chorea” was later discarded as some patients do not present the
chorea symptom (Heathfield, 1973; Lanska, 2000, 2010) (Fig. 3) and at the same

time it does not show the real complexity of the disease (see next section).

THE

MEDICAL AND SURGICAL REPORTER.

[Vor. XXVI.—No. 15,

No. 789.]

PHILADELPHIA, APRIL 13, 1872,

ORIGINAL DEPARTMENT.

O ————— i,

Communications.

ON CHOREA.

By Georce HuntincTON, M. D.,
Of Pomeroy, Ohio.

Essay read before the Meigs and Mason Acndemy of Medi-
cine at Middleport, Ohio, February 15, 1872

Chorea is essentially a disease of the ner-
vous system. The name ‘‘chorea’ is given to
the disease on account of the dancing propen-
sities of those who are affected by it, and it is
a very appropriate designation. The disease,
as it is commonly seen,is by no means a
dangerous or serious affection, however dis-
tressing it may be to the oue suffering from it,
or to his friends. Its most marked and char-
acteristic feature is a clonic spasm affecting

the voluntary muscles. There is no loss of

The upper extremities may be the first
affected, or both simultaneously. All the
voluntary muscles are liable to be affected,
those of the face rarely being exempted.

If the patientattempt to protrude the tongue
it is accomplished with a great deal of diffi-
culty and uncertainty. The hands are kept
rolling—first the palms upward, and then the
backs. The shoulders are shrugged, and the
feet and legs kept in perpetual motion; the
toes are turned in, and then everted; one foot
is thrown across the other, and then suddenly
withdrawn, and, in short, every conceivable
attitude and expression is assumed, and so
varied and irregular are the motions gone
through with, that a complete description of
them would be impossible. Sometimes the
muscles of the lower extremities are not af-

Figure 3. Original paper published as: "On Chorea,” by George Huntington, M.D. The Medical
and Surgical Reporter: A Weekly Journal, (Philadelphia: S.W. Butler), vol. 26, no. 15 (April 13, 1872),
pp. 317-321.

Given that the disease struck members of the same family, it hereditary nature
was clear from the beginning. In consequence, researchers attempted to track back
its geographical origin with the naive hope of finding the first patient. In 1932, Percy
R. Vessie, utilized witchcraft record accusations as an indicator of the disease and
traced almost 1000 cases spanning twelve generations in 300 years, to three
individuals (Vessie, 1932). He suggested that the disorder might have originated in

the village of Bures in Suffolk, England. Unfortunately his work led to the prejudicial
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view that those with HD were connected with witchcraft practices, stigmatized as
criminals, alcoholics and insane people.

As history shown, the cure for the “Vitus dance” in the middle ages included
the flames due to the beliefs that the genetically-afflicted were possessed by the devil
and that their involuntary movements were a mere parody of Christ upon the Cross. It
was not until 1968 when the psychoanalyst Milton Wexler, for personal reasons,
created the Hereditary Disease Foundation (HDF) in Los Angeles when this condition
started to be studied extensively (Wexler, 2012). The foundation was involved in the
recruitment of over 100 scientists to finally constitute the Huntington’s disease
Collaborative Research Project. Over a 10-year period this consortium worked to
identify the gene causative of HD. Finally, this goal was achieved thanks to the
analysis of a highly endogamic population in Lake Maracaibo, Venezuela, which
permits the study of a relatively rare allele. Successfully, in 1993 they reported the
identification of the gene causative of HD (Huntington’s Disease Collaborative
Research Group, 1993).

1.2.2 Huntington’s disease pathoetiology

HD is a fatal neurological disorder that is inherited in an autosomal dominant manner.
The disease affects both sexes with the same frequency and the total prevalence is
of 5-10 cases per 100,000 individuals worldwide (Landles and Bates, 2004). Death
occurs with an average of 15 years after onset, which commonly is in the 30s and
40s influenced by several factors, such as sex and age of the transmitting parent
(Cattaneo et al., 2001). However, a 10% of all HD cases are represented by the HD
juvenile form, including the so-called Westphal variant, characterized by a
predominance of paternal inheritance and onset before the age of 21 (Myers, 2004).
The classical HD variant is characterized by:

(i) personality changes: such as affective disorders, suicide tendency, mania,
apathy that can worsen over time, schizophrenia-like symptoms, etc;

(i) motor abnormalities: including the hallmark feature of chorea (involuntary
jerky movements of the face and limbs), gait abnormalities, and in later
stage of the disease, bradykinesia and rigidity;

(iii)  cognitive deficits: poor planning and judgment, attention problems, and
motor skill learning deficits;

(iv)  others: sleep disturbance and weight loss (Walling et al., 1998).
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The juvenile HD form typically manifests as dystonia, bradikinesia and rigidity
(rather than chorea) that gradually becomes generalized, and parkinsonism, which
may be the dominant feature in young patients (Quarrell et al., 2012).

A prominent neuropathologic feature of HD is a marked degeneration in
medium spiny GABAergic neurons (MSN) of the caudate (Fig. 4) (McGeer and
McGeer, 1976; Vonsattel et al., 1985), although several neuronal types become more
and more affected during the progression of the disease (Bates et al., 2004). In
consequence, the medial paraventricular region and tail of the caudate, along with
the dorsal putamen, are the first brain regions to show significant atrophy (Vonsattel
et al., 1985). The functional consequences of this malfunction are depicted in Fig. 4.
Neuronal death spreads later to the cortex (mainly in the sensorimotor areas), white
matter and thalamus (Sax et al., 1983; de la Monte et al., 1988) with abundant
evidence for hippocampal dysfunction accumulating in recent years (Ransome et al.,
2012; Ransome and Hannan, 2013). In juvenile patients the same areas are affected
but in a more severe and widespread way with the inclusion of cerebellum (Seneca
et al., 2004; Paradiso et al., 2008).

X

Thalamus

@

Subthalamic
nucleus

Figure 4. The cortico-striatal system. The striatum receive excitatory glutamatergic input from the
cortex (blue) and dopaminergic innervation from substantia nigra pars compacta (black). These two
types of afferent projections shape the activity of MSNs. The striatal GABAergic projection neurons
provide an inhibitory control of globus pallidus and pars reticulata of the substantia nigra (red). In HD
the malfunction of MSNs results in disinhibition of pallidal outflow (right) inducing severe impairments
in both motor and cognitive functions. Substantia nigra pars compacta (SNc); Substantia nigra pars
reticulata (SNr); Globus pallidus externo (GPe) and interno (GPi). Dopamine activates D1 and inhibits
D2 receptors. Adapted from Bjorklund and Lindvall, 2000.
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The precise relationship between topological alterations in brain structures and
clinical symptoms of HD remains to be elucidated (Pillai et al., 2012). Attempts to
ascribe the symptoms of HD to striatal degeneration or to dysfunction of cortico-
striatal circuitry have been unsatisfying. For example, there is no good correlation
between striatal atrophy and motor symptoms (Aylward et al., 1997; Aylward et al.,
2000). However, it has been reported that pathophysiological effects of HD may
precede the development of overt clinical symptoms and detectable cerebral atrophy
(Novak et al., 2012). In addition, a growing body of evidence suggests that the
natural history of gradually progressive motor and cognitive dysfunction in HD, which
may begin years prior to a clinical diagnosis (Huntington Study Group. Mov Disord
Group, 1996), is related to regionally specific changes affecting diverse brain regions
(Kipps et al., 2005, Rosas et al., 2005).

1.2.3 The molecular genetics of Huntington’s disease

HD is one of the most common forms of monogenic neurodegenerative diseases.
The disease is caused by a trinucleotide sequence CAG expansion encoding a polyQ
in the N-terminus of the protein huntingtin (HTT), which is codified near the telomere
of chromosome 4. Disease occurs when the repeat expands to an abnormal length of
consecutive glutamines, suggesting a pathogenic threshold in the length of the
polyQ. Therefore, the CAG/polyQ expansion in HD patients is in the range of 37-121
repeats at the N-terminus end of the protein while normal individual has between 6 to
35 units (Huntington’s Disease Collaborative Research Group, 1993). Repeat length
between 27 and 35 CAGs is often described as the ‘gray area’ attributed to
intermediate alleles that may explain the phenomenon of anticipation that worsen the
symptomatology in the descendants (Fig. 5) or reduced penetrance, although still
uncertain, for carriers of these alleles. CAG expansion is inversely correlated with
age of disease onset that accounts for 44 to 73% of the observed variance (Harper
and Jones, 2002a, 2002b; Langbehn et al., 2004). The clearest example with large
CAG lengths/early onset is the juvenile HD type with more than 60 CAG repeats
(Nance and Myers, 2001). The remaining variance not accounted for by CAG repeat
length is attributable to other genetic factors (i.e.: inheritance of others deleterious
modifying genes not associated with the HTT gene) or environmental modifiers
factors (i.e.: socioeconomic strata, diet, effluvia exposition ambient) (Trembath et al.,

2010; Shang et al., 2012; Burgunder, 2014). This type of mutation can be also found
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in other genes and constitutes the main feature of the family of polyglutamine (polyQ)
diseases within the more ample trinucleotide repeats disorders: spinal and bulbar
muscular atrophy (SBMA), dentatorubral pallidoluysian atrophy (DRPLA), and
spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7 and 17 (Li and Li, 2004; Orr and
Zoghbi, 2007) (see section 1.2.8). Due to its prevalence in the human population, HD

is the most common polyQ disorder.

1.2.4 Role of huntingtin in physiology and pathobiology

The 67 exons of the HTT gene encodes for a large protein of 348 kDa (Landles and
Bates, 2004) with several domains. As already mentioned, located at the N-terminal
part of the protein there is the polyQ domain, immediately followed by two proline-rich
domains (poly-P) (composed by 11 and 10 prolines), three main groups of HEATs
repeats (Andrade and Bork, 1995) named for: HTT, elongation factor 3 (elF3k), the
PR65/A subunit of protein phosphatase 2A (PP2A) and the lipid kinase TOR (target
of rapamycin), which are involved in intracellular transport and chromosomal
segregation (Harjes and Wanker, 2003), and NES and NLS nuclear export and
nuclear localization signals respectively (Fig. 5).

The protein has no homology with other proteins and is expressed ubiquitously
in humans and rodents, with the highest levels in CNS neurons and testes (Trottier et
al., 1995; Ferrante et al., 1997; Fusco et al., 1999). However, both in peripheral
organ tissues and the brain, huntingtin appeared to be localized in the cytoplasm.
Also, in neurons, the protein appears to be partly associated in part with the
membranes of vesicles (DiFiglia et al., 1995; Velier et al., 1998; Hilditch-Maguire et
al., 2000; Hoffner et al., 2002; Kegel et al., 2002; Li et al., 2003). This widespread
localization complicates the definition of a clear function of the protein. It has been
described that HTT likely plays a variety of roles, such as endocytosis and vesicular
transport (Metzler et al., 2001; Qin et al., 2004; Smith et al., 2009b; Pardo et al.,
2010), trafficking of growth factor complexes (del Toro et al., 2006; Liot et al., 2013)
and cell adhesion (Lo Sardo et al., 2012). HTT also has a pro-survival function
against apoptotic stress (Reiner et al., 1988; White et al., 1997; Rigamonti et al.,
2000; Reiner et al., 2003), and it is required for normal embryonic development and
neurogenesis (Nasir et al., 1995; Zeitlin et al., 1995; White et al., 1997; Seong et al.,
2010). Other roles of HTT in transcriptional regulation in adulthood will be discussed

in the next section.
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The polyQ mutation has two different consequences (Zuccato et al., 2010): (i)
a loss-of-function (Tallaksen-Greene et al., 2005) effect because one allele is not
available for the physiological roles of normal HTT, and (ii) a gain-of-function (GOF)
effect, characterized by the presence of a misfolded mutant Htt (mHTT) that
interferes with multiple intracellular activities through aberrant interactions and
accumulation into insoluble aggregates.

mHTT conversely to wild type HTT, is located mainly in cell nuclei and to a
lesser extent in the cytoplasm, neurites and terminals (Sapp et al., 1997). Proteolytic
cleavage of N-terminus mHTT protein is thought to lead to the generation of mHTT
fragments and to increase aggregation in the nucleus and cytoplasm (Martindale, et
al., 1998) while inhibition of cleavage with specific protease inhibitors reduces the
frequency of aggregate formation (Gafni and Ellerby, 2002; Gafni, et al., 2004,
Lunkes, et al., 2002; Wellington, et al., 2000). mHTT aggregates constitutes a
hallmark of HD and are present in brains of human patients and several HD models,
but it is still controversial whether mHTT inclusions are pathogenic (Davies et al.,
1997), benign biomarkers (Kim et al., 1999), or neuroprotective (Arrasate et al.,
2004). Some studies did not show correlation between the formation of nuclear
inclusions and the degree of apoptotic cell death (Saudou et al.,, 1998) and it has
been suggested that the principal toxic species might be an early intermediate of
inclusion bodies or a form of diffuse intracellular mHTT (Arrasate et al., 2004;
Graham et al., 2006; Miller et al., 2010; Arrasate and Finkbeiner, 2012). In any case,
abnormal interaction of mHTT with other proteins has been identified, including
transcription factors (see next section), vesicular structures and microtubule
components such as the huntingtin-associated protein-1 (HAP1) (a protein that is
transported in axons and associates with a dynactin subunit (essential in the
dynein/dynactin microtubule-based motor complex). mHTT binds also to huntingtin-
interacting protein 1 (HIP1), which binds to a-adaptin and clathrin, and is implicated
in cytoskeleton assembly and in endocytosis. In addition, it has been reported that
mHtt can affect the regulation of synaptic plasticity since it can interact with the

postsynaptic density 95 (PSD-95) among others (Harjes and Wanker, 2003).
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Figure 5. Scheme of the human huntingtin protein. Poly-Q (glutamine) and poly-P (proline) tracts
are indicated, in addition to the polymorphic range of CAG repeats found in human population.
Cleavage sites and post-translational modifications are also shown, together with the residue number:
Ub/SUMO, ubiquitylation/SUMOylation; yellow square, acetylation; pink oval, phosphorylation; red and
brown triangles, calpain and caspase cleavage sites, respectively. aa: amino acid, Nt and Ct, amino-
and carboxy-termini, respectively.

1.2.5 Transcriptional dysregulation in Huntington’s disease

Accumulating evidence from the last two decades indicates that transcriptional
dysregulation is a central and early pathogenic mechanism in HD. The activity of
transcriptional regulators can be affected in several ways, with a bias towards
inhibition of positive regulators and desinhibition of negative regulators, including
transcription factors, chromatin-remodeling proteins, and non-coding RNAs. Different
groups have been identified an altered expression in a number of genes, such as
neurotransmitter receptors and neuropeptides, first in patients’s brains and later in
animals models (Emson et al., 1980; Young et al., 1988; Augood et al., 1997; Cha et
al., 1998). The importance of transcriptional dysregulation in HD pathology emerges
from studies that analyze separately the impact of nuclear and cytoplasmic mHTT on
the initiation and evolution of the symptoms. Thus nuclear mHTT was able to induce
cytoplasmic neurodegeneration (in the form of degenerate organelles and dystrophic
neurites) and transcriptional dysregulation in parallel to reproducing part of the HD
symptomatology (Schilling et al., 2004; Benn et al., 2005; Hodges et al., 2008;
Moumne et al., 2013).

Further demonstrations of the presymptomatic transcriptional alterations has
been provided from both animal and cellular HD models, in which gene expression
changes occur before the onset of mHTT aggregation, cell death and mitochondrial
abnormalities (Valor, 2014). Importantly, changes between mouse models and early-

grade patient brains show an important overlap (Moumne et al., 2013) pinpointing to
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the suitability of animal models to study the transcriptional dysregulation associated
to this pathology.

In LOF normal Htt experiments, Zuccato and colleagues in 2003 demonstrated
the interaction between wildtype HTT and REST in the cytoplasm. REST associates
with NRSE to affect the nuclear transcription of neuronal genes, including that of
brain-derived neurotrophic factor (Bdnf). The interaction of HTT with REST/NRSE in
the cytoplasm is able to avoid REST/NRSE translocation to the nucleus leading to
normal expression of its target genes. mHTT, however, interacts weakly with or fails
to bind REST/NRSE, resulting in an accumulation of REST/NRSE in the nucleus
which alters the expression of neuronal genes (Zuccato et al., 2003).

In GOF mHTT experiements, aberrant interaction and/or apparent
sequestration of essential proteins into mHTT aggregates has traditionally been
proposed in the literature as one of the modes by which mHTT can alter the activity
of transcriptional regulators. Diverse nuclear proteins, such as CBP, Sin3a, p53, the
transcription elongation regulator 1 (Tcerg1/CA150), the specificity protein 1 (SP1),
the nuclear corepressor (NCoR) and TATA-binding protein (TBP), among others
(Huang et al., 1998; Boutell et al., 1999; Kazantsev et al., 1999; Steffan et al., 2000;
Holbert et al., 2001; Nucifora et al., 2001; Yamanaka et al., 2008) were found within
the mHTT aggregates, suggesting a depletion in their activity (Fig. 6), although other
studies have claimed that this is not the case. For example, a number of studies have
proved that transcription factors and cofactors are not apparently affected by polyQ
aggregates (Steffan et al., 2001; Yu et al., 2002; Obrietan and Hoyt, 2004; Tallaksen-
Greene et al., 2005). Moreover, soluble mHTT versions showed better interactions
with the aforementioned proteins than aggregative versions (Choi et al., 2012) or
even preceded the formation of visible inclusions (Cong et al., 2005). mHTT can also
disrupt the binding activities of many transcription factors by acting directly over the
DNA (Cui et al., 2006; Benn et al., 2008) or by affecting the process of protein
degradation. In this last case, mHtt can promote the removal of regulators such as
the cofactor CBP (Nucifora et al., 2001) or prevent the degradation of other proteins
like the Wnt-dependent transcriptional coactivator p-catenin (Godin et al., 2010). As a
consequence of these alterations, transcription can be affected (Valor, 2014).

There is increasing evidence showing that neuronal dysfunction largely
precedes the appearance of neuronal death, which permits investigate transcriptional

alterations without the confounding factor of changes in the cellular composition of
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the tissue due to neuronal death (Leegwater-Kim and Cha, 2004). Importantly,
alterations of gene expression correlate with the progression of the HD phenotype,
as confirmed by concurrent changes in behavior and the expression of related genes
(Hodges et al.,, 2008). More precisely, downregulation of many genes in HD is
associated with neuronal signaling processes such as neurotransmitters,
neurotrophin receptors, neuropeptides, synaptic transmission, calcium signalling and
homeostatic genes, as well as factors related to transcription and chromatin
remodelling. On the other side, genes related with RNA metabolism, protein folding,
and stress markers are generally associated with an upregulated gene expression
profile.

A substantial number of HD models are nowadays available to investigate the
progression of the disease. In fact, different HD animal models had revealed a high
degree of concordance when gene expression profile analysis has been carried out
in their respective brain tissue samples (Kuhn et al., 2007). Furthermore, gene
expression studies have been performed in human samples validating important
transcriptional features of animal models (Cha, 2007). Important factors need to be
considered in this type of analysis because they can generate model-specific
changes. For instance, the intrinsic properties of the tissues, such as sensitivity to
degeneration and tissular-specific transcription, even different cell types within the
same structure. This can be clearly seen in the striatum, where GABAergic
projections are more susceptible to damage in HD than cholinergic interneurons
(Calabresi et al., 2000; Van Raamsdonk et al., 2007). Another important factor that
could add variability to the analysis is the intrinsic properties of the models including
features like the transgene employed in the model (e.g. ubiquitous versus neuronal-
restricted), the length of the mHTT (full-length versus N-terminal truncated protein)
(Jeong et al., 2009; Lee et al., 2013a) as well as the number of CAG repeats, since
important transcriptional changes has been associated with higher CAG size
(Jacobsen et al., 2011; Lee et al., 2013b; Galkina et al., 2014). This complexity is
accompanied by the presence of multiple gene expression regulators that are altered
in HD.

In summary, the study of transcriptional dysregulation in HD can open new
avenues to better comprehend the chain of events underlying the manifestation and

progression of the disease.
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Figure 6. Transcriptional dysregulation in Huntington’s disease. Normal huntingtin can associate
with dozens of signal transduction proteins, including transcription factors complexes (like basal
transcription factors: SP1, TAFII130; transcriptional co-repressors and co-activators: CBP, NCOR1,
Sin3A, CTBP, REST. Mutant huntingtin alters protein conformation, resulting in aberrant protein
interactions. Taken from www.giagen.com

1.2.6 Epigenetic dysregulation in Huntington’s disease
Several histones PTMs and DNA methylation (Fig. 7) have been described to be
affected in HD (Valor and Guiretti, 2014). In fact, HD has emerged as an exemplary
paradigm of epigenetic dysregulation in a neurodegenerative condition due to the
pioneering work suggesting a relevant role of epigenetics in neuronal malfunction
and cell loss (Bates et al., 2004). As other neuropathologies, including AD, also show
epigenetic dysregulation, the hypothesis of an epigenetic imbalance as a key aspect
of neurodegeneration has been pushed forward during the last years.

More precisely, the relevance of altered KAT activity in HD pathogenesis is
highlighted by a number of studies showing that HDACi ameliorate
neurodegeneration in Drosophila and mouse models of HD (McCampbell et al., 2001;

Steffan et al., 2001). It has been proposed that imbalances between the activities of
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KATs and HDACs could lead to disease states (Saha and Pahan, 2006). Several
studies have revealed the co-localization between CBP (which has KAT activity) and
mHTT in a number of HD models suggesting the possibility that histone acetylation
levels can be altered in HD (Kazantsev et al., 1999; Steffan et al., 2000; Nucifora et
al., 2001; Jiang et al., 2006). In consequence, diminished CBP activity can alter the
expression of cell survival genes. In harmony with this view, Ferrante and colleagues
demonstrated decreased acetylation of histone H4 in immunoblots and Stack and
collaborators revealed, in mouse models (both N171-82Q and R6/2 strains), a
significant chromatin modification that led to histone hypoacetylation with
concomitant hypermethylation (Ferrante et al., 2003; Stack et al., 2007). Hence
alteration in bulk histone acetylation have been addressed in an ample variety of HD
models (Ferrante et al., 2003; Igarashi et al., 2003; Gardian et al., 2005; Jiang et al.,
2006; Stack et al.,, 2007; Chiu et al.,, 2011; Lim et al., 2011; Giralt et al., 2012)
including, recently, samples from patients (Yeh et al., 2013), while others did not find
such profound molecular changes, even using the same murine models. For
example, Klevytska et al. have demonstrated that the levels of acetylated histone H4
were marginally lower in the brains of N171-82Q and HD/CBP*" mice (double
mutants harboring a disrupted CBP gene and expressing mHTT) compared with non-
transgenic mice (Klevytska et al., 2010). Sadri-Vakili et al. found no evidence for a
diminution of the level of acetylated histone H3 in the brains of symptomatic R6/2
mice, albeit, they detected reductions in the levels of acetylated histone H3 restricted
to promoter sequences of genes known to be downregulated in these mice (Sadri-
Vakili et al., 2007). Others studies have observed histone acetylation deficits at the
specific loci level rather than having global effects (Thomas et al., 2008; McFarland
et al., 2012).

Different proteins and mechanisms can contribute to acetylation deficits in HD
that are not necessarily mutually exclusive: in the case of CBP, this protein can be (i)
sequestrated into mHTT aggregates (e.g., by the interaction between polyQ
fragments of mHTT and the C-terminus of CBP) (Kazantsev et al., 1999; Nucifora et
al., 2001); (ii) inhibited by soluble mHTT (e.g., by the binding of soluble mHTT form to
acetyltransferase domains of CBP) (Steffan et al., 2001; Cong et al., 2005; Choi et
al., 2012) and/or (iii) degradated (e.g., by the ubiquitine proteasome system (UPS)
(Jiang et al., 2003; Giampa et al., 2009; Giralt et al., 2012). Thus, both mHTT

versions, aggregate or soluble, might interact with chromatin-remodeling proteins to
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mediate pathological changes. Nevertheless, the precise role of CBP in HD is not
clear since depletion of this protein have shown a reduction in bulk histone
acetylation and unaffected cell viability (Chen et al., 2010; Valor et al., 2011) implying
that other factors are responsible for neuronal degeneration.

HDACs have been widely study in HD. The knockdown of single HDACs (namely
HDACS3, 6, 7 and Sirt2) in R6/2 strain is not sufficient to ameliorate physiological or
behavioral phenotypes and did not restore dysregulated transcripts (Benn et al.,
2009; Bobrowska et al., 2011; Bobrowska et al., 2012; Moumne et al., 2012). On the
other hand, in cell lines challenged with cytotoxic insults, the overexpression of
HDACY7 resulted in neuroprotection acting by a mechanism that is independent of its
deacetylase activity (Ma and D’Mello, 2011). Similarly the overexpression of wild-type
HTT, interacts physically with HDAC3 to damper its activity (a protein known to
promote neuronal death) (Bardai et al., 2013). Although mHTT neurotoxicity is greatly
reduced in the absence of HDAC3 in R6/2 mice. In summary, these results add more
complexity for understanding the precise roles of HDACs in HD.

Another important epigenetic mark is histone methylation, also involved in
cognition and linked to intellectual disabilities, especially in the case of histone H3
(Parkel et al., 2013). The repressive marks H3K9m2/m3 are elevated in brain tissues
of R6/2 and N171-82Q mice and in HD patients (Ferrante et al., 2004; Gardian et al.,
2005; Ryu et al., 2006; Stack et al., 2007). In contrast, the methylation mark
associated with active genes, H3K4me3 (Parkel et al., 2013), exhibited reduced
binding at the promoters of representative downregulated genes in cortical and
striatal areas of R6/2mice and patients (Vashishtha et al., 2013). A summary of the

disrupted epigenetic mechanisms in HD is depicted in Fig. 7.
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Figure 7. Summary of the disrupted epigenetic mechanisms in HD and the ameliorative
strategies tested. A gain-of-function effect is inferred because most of the HD models are based on
transgenic or exogenous mHTT expression. Nonetheless, altered interactions between wt-HTT and
chromatin-remodeling proteins are possible in HD (e.g., HTT-HDAC3). Actions by mHTT: regular
arrow, activation; blunt end, inhibition. Resulting effects in the relationship between transcription
factors and chromatin-remodeling proteins and their downstream targets and related processes are
represented by dashed (reduced activity/effect) and thick arrows (enhanced activity/effect). No
intermediate enzyme has been examined in altered DNA methylation. Ameliorative pharmacological
compounds are also depicted.

1.2.7 Experimental models of Huntington’s disease and relevant phenotypes

HD models can be divided in two types: chemical and genetic. Chemical models
were developed before the identification of the disease gene in 1993 where HD
animal models were produced by injecting neurotoxins into the striatum. These
models mimic the regional selectivity of HD neuropathology but are unable to
reproduce the pathophysiological mechanisms induced by the HTT gene.
Nonetheless, they may be still useful to study neuroprotection and neurorestorative
therapies in HD. In contrast, there is a wide range of models available to the HD
community, including a variety of species like Caenorhabditis elegans and Drosophila
melanogaster (invertebrate models), non-mammalian species as zebrafish and
mammals, such as mouse and rat. In addition, a transgenic non-human primate has
been described (Yang et al., 2008). Table 2 lists the animal and cellular models of

HD investigated in this thesis.
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Table 2. Summary of the cellular and animal HD models used in this work

CAG
HD model Construct Promoter repeat Symptoms
size
N171-82Q First 171 aa of human Prion 82 11 wk: Rotarod deficits,
Transgenic HTT randomly inserted clasping behavior, weight
mouse into mouse genome loss (McBride et al. 2006).
(Schilling et al. 1999)
14 wk: Deficits on radial arm
water maze text of reference
and working memory
(Ramaswamy et al. 2004).
R6/1 First 90 aa of human HTT Human 116 22 wk: Body weights plateau
Transgenic randomly inserted into huntingtin after which they begin to
mouse mouse genome decline. Gait abnormalities as
(Mangiarini et al. 1996) measured by footprint
analysis and hindlimb
clasping behavior
(Naver et al. 2003).
23-24 wk: Decreased anxiety
on open-field test
(Naver et al. 2003).
YAC128 Yeast artificial Human 128 3 months: Hyperkinesia on
Transgenic chromosome huntingtin an open-field test.
mouse expressing entire 12 months: hypokinesia on
human HTT protein open-field test
(Slow et al., 2003) (Slow et al., 2003).
2 months: Deficits on T-maze
4 months: Progressive
decline on the rotarod test.
(Van Raamsdonk et al. 2007)
mHTT- In utero electroporation of CAG 15,128  16-19wk: Presence of feet
electroprated wt and mHtt version in promoter clasping in mice
mice the striatum. electroporated with mHTT
version (unpublished results)
mHTT- Infection of wtand mHTT  Synapsin 15, 128
infected version in primary promoter
neurons hippocampal culture
Stably HTT- PC12 cell line that pTRE- 23,72 Aggregate formation,
expressing express exon 1 HTT with Tight caspase-dependent cell
PC12 varying CAG repeat plasmid death and decreased neurite

lengths under doxycycline
control

outgrowth (Wyttenbach et al.
2001)

aa: aminoacids; HTT: huntingtin; wt, wildtype; mHTT: mutant huntingtin; wk: weeks; CAG:
cytomegalovirus early enhancer/p-actin promoter.
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1.2.8 Epigenetic and transcriptional dysregulation in others polyglutamine diseases
As previously indicated HD is part of a group of related neurological diseases known
as polyQ disorders. The deregulation of gene expression seems to be a common
pathogenetic mechanism in these disorders (Paulson and Fischbeck, 1996; Cha,
2000). The pathologic consequences of polyQ expansion include progressive spinal,
cerebellar, and neural degeneration. Increasing evidence suggests that polyQ
proteins in their native form regulate gene expression and indeed, as many of the
nine CAG-expanded genes are transcription factors, transcriptional coactivators, and
regulators of RNA stability (Fig. 8). Thus, analysis of gene expression profiles
indicates that a large number of genes are deregulated in mouse models of polyQ
disease (Luthi-Carter et al., 2002). Thus, polyglutamines might have a role either in
protein—-DNA interactions or in the protein—protein interactions that occur when
transcription factors form transcriptionally active complexes reviewed in Mohan et al.,
2014. As examples:

* Spinal and bulbar muscular atrophy (SBMA) is caused by the polyQ expansion
in the transactivation domain of the androgen receptor (AR) (La Spada et al.,
1991). AR, normally functions as a nuclear TF that binds to androgen
response elements in target genes while polyQ expansion of its glutamine-rich
transactivation domain interferes with AR binding to coactivators and
components of the basal transcription apparatus (Chamberlain et al., 1994;
Nakajima et al., 1996). In addition, it has been shown that transcriptional
activation by AR is accompanied by a cascade of distinct covalent histone
modifications, including methylation in the arginine 17 (R17) of H3
(H3R17me), H3S10 phosphorylation and H3K4me. However, it remains to be
determined if these PTMs are impacted by its polyQ expansion (Kang et al.,
2004).

* Dentatorubral pallidoluysian atrophy (DRPLA) is caused by polyglutamine
expansion of the gene encoding the atrophin-1 protein, which triggers
degeneration both in the brain and spinal cord (Yazawa et al., 1995). Atrophin-
1 can repress transcription in reporter gene assays and sequesters
transcriptional regulators into nuclear inclusions like Sin3A, HDACs and
ETO/MTG8 corepressor complex subunit (\Wood et al., 2000). Furthermore,

analysis of gene expression profiles indicates that a large number of genes
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are deregulated in a mouse model for this pathology (Luthi-Carter et al.,
2002).

Spinocerebellar ataxia (SCA) type 1 (SCA1) is caused by polyglutamine
expansion of the Ataxin-1 (ATXN1), a disease characterized by dominantly
inherited cerebellar degeneration and early transcriptional derangements that
occurs before behavioral features (Lin et al., 2000; Serra et al., 2004). Normal
ATXN1 interacts with a variety of TFs. Several nuclear proteins that interact
with ATXN1 have been identified as possible mediators of SCA1 pathogenesis
(Okazawa et al., 2002; Tsai et al., 2004; Tsuda et al., 2005). Yet, even with
these advances, the molecular mechanism by which a mutant ATXN1-induced
alteration in gene expression results in the degeneration of only certain
neurons, such as cerebellar Purkinje cells, remains unclear. A likely
mechanism mediating SCA1 pathogenesis is the ability of mutant ATXN1 to
induce the loss of ROR-a (a transcription factor critical for cerebellar
development) from Purkinje cell nuclei. This leads to a reduced expression of
RORa-mediated genes that are critical for Purkinje cell functioning. In addition,
ATXN1 interacts with RORa and the Tat-interactive protein 60 kDa (Tip60), a
histone acetyltransferase and a nuclear receptor coactivator (Brady et al.,
1999). Tip60 mediates the interaction between ATXN1 and ROR-a (Gold et
al., 2003) and it directly interacts with ATXN1 (Serra et al., 2006). It has been
shown that under partial loss of Tip60, RORa expression is increased in SCA1
transgenic mice (Gehrking et al., 2011)

http://www.ncbi.nIm.nih.gov/pmc/articles/PMC3655547/ - R100 and these mice show

delayed disease progression; indicating Tip60 interaction with the mutant
SCA1 accelerates pathogenesis, likely through epigenetic modifications at
Tip60 targeted genes (Gold et al., 2003; He et al., 2011).

SCA type 3 (SCA3) (also known as Machado—Joseph disease) is caused by
the mutation in the ataxin-3 gene. Its protein binds chromatin directly and can
be found in gene promoters. It can activate and repress transactivation. It is a
deubiquitinase and this activity is indespensible for transactivation function.
Interacts with FOXO-4, TAFII130, CBP, NCoR, HDACs, RAD23. PolyQ
expansion reduces Ataxin-3 transcrional repression function reviewed in
Mohan et al., 2014.
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» SCA type 7 (SCA7) is caused by mutations in the gene ataxin-7, which
encodes a component component of the KAT GCNS5-containing coactivator
complexes (McCampbell et al., 2000). In vitro experiments indicate that
although mutant ataxin-7 does not disrupt such complexes, it interferes with
their KAT activity (McMahon et al., 2005; Palhan et al., 2005). The scenario in
vivo is more complex because KAT activity is apparently not affected in mouse
models of the disease, but these mice exhibit a general chromatin de-
condensation and aberrant histone acetylation in transcriptionally altered

genes (Blennow et al., 2006).
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Figure 8. PolyQ disease affects chromatin modification and usage. The polyglutamine expanded
proteins huntingtin, Androgen receptor (SBMA), Atrophin 1 and Alt-ATXN1 (Alt-ATXN1 (alternative
Ataxin-1) (DRPLA), Ataxin-1 (SCA1), Ataxin-2 (SCA2), Ataxin-3 (SCA3), alpha-1A voltage-dependent
calcium channel subunit and alpha1ACT transcription factor (SCAG), Ataxin-7 (SCA7), and TBP, TATA
box binding protein (SCA17) are all important regulators of gene expression and chromatin
modification. The causative disease is written between brackets: HD, Huntington disease; SBMA,
spinal and bulbar muscular atrophy; DRPLA, dentatorubral pallidoluysian atrophy; SCA,
spinocerebellar ataxia; Pol 1, RNA polymerase Il; SAGA, chromatin modifying Spt-Ada-Gcn5-
Acetyltransferase complex; Gcn5, histone acetyltransferase, USP22, histone deubiquitinase. Taken
from Mohan et al., 2014.
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1.3 Rubinstein-Taybi syndrome

1.3.1 Molecular genetics of Rubinstein-Taybi syndrome

Rubinstein-Taybi syndrome (RSTS) is a rare and complex autosomal dominant
disease with an incidence of 1:100 000-125 000 at birth (Hennekam, 2006). This
disorder was first described by Michail et al. in 1957 (Michail et al., 1957) and later
was precisely defined as a syndrome in 1963 by Rubinstein and Taybi (Rubinstein
and Taybi, 1963). In general, RSTS occurs as the result of a de novo mutation.
People suffering RSTS present craniofacial abnormalities, mental retardation, growth
deficiency and physical features including broad thumbs and toes that are used in
diagnosis. An important number of patients also show other neurological symptoms
such as seizures (28%) and abnormal electroencephalograms (60%) (Schorry et al.,
2008). In addition, approximately a third of RSTS patients has heart malformations
and may present abnormalities in other tissues, such as the kidney and skin. In fact,
complications from congenital heart disease and infections of the respiratory tract
have been reported as the primary causes of morbidity and mortality in RSTS
(Lopez-Atalaya et al., 2014). Behavioral studies have shown that RSTS patients have
low levels of intelligence, short attention spans and poor motor coordination (Wiley et
al., 2003) as well as a high risk of developing lymphoma (Mullighan et al., 2011;
Pasqualucci et al., 2011; Lopez-Atalaya et al., 2012).

Most cases (60%) are associated with mutations in one allele of the gene
encoding CBP (CREBBP) (Petrij et al., 1995) and a small percentage (3% of cases)
are caused by mutations in the gene encoding p300 (EP300), which is highly
homologous to CBP (> 70 % homology) (Roelfsema et al., 2005). CBP and p300
constitutes their own family of transcriptional co-activators with intrinsic KAT activity,
the KAT3A family, and have recently being renamed as KAT3A and KAT3B,

respectively.

1.3.2 Pathoetiology of Rubinstein-Taybi syndrome

The proteins affected in RSTS, CBP and p300, have diverse functions related to
transcription activation and regulation. CBP/p300 are nuclear and ubiquitously
expressed proteins of ~250 kDa approximately, that interact physically or functionally
with over 400 different proteins including multiples TFs (Kasper et al., 2006; Bedford

et al., 2010). They are normally described as molecular scaffolds proteins between
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DNA-binding TFs and the RNApol Il complex. Together with their capability of
acetylation of histones and TFs, CBP/p300 are proposed to play a key role role in
transcriptional initiation (Imhof et al., 1997). Thus, both proteins also display
widespread occupancy of transcriptional regulatory regions including many putative
enhancers (Heintzman et al., 2009; Wang et al., 2009b).

The multiple actions of CBP and p300 can be explained by the high number of
domains including (i) three cysteine/histidine-rich regions (CH1 to CH3) involved in
protein-protein interaction (ii) the KAT domain in the center of the protein; (iii) the
bromodomain (Abdolmaleky et al., 2005) that binds acetylated lysines in histones and
specific transcription factors (Polesskaya and Harel-Bellan, 2001); (iv) two
transactivation domains located at either end of the protein; and (v) the KIX domain
that mediates interaction with phosphorylated CREB and other TFs (Fig. 9) (Parker
et al., 1996).

Transactivation domain
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Figure 9. Structure of KAT3 proteins. CBP and p300 share a number of structural domains
including three cysteine/histidine rich regions (CH1-CH3) for protein-protein interaction, the KIX
domain that mediates the interaction with CREB and other transcription factors, and the KAT domain.
Regions of high homology between the human CBP and p300 proteins expressed as % identity.
NRID, nuclear hormone receptor interacting domain; CH1-3, cysteine/histidine-rich regions 1-3; TAZ1-
2, transcripcional adaptor Zn-finger domain 1-2; KIX, kinase inducible domain; Br, bromodomain;
PHD, plant homeodomain; ZZ, ZZ-type Zn-finger domain; SID, SRC-1 interacting domain; MDM2, p53
E3-ubiquitin protein ligase homolog; ATF, activation transcription factors; TBP, TATA-binding protein.
Taken from Valor et al., 2013.

However, several studies have demonstrated by gene profiling analysis that
the loss of CBP and p300 proteins only caused a reduced number of transcriptional
changes, which were in some cases very modest in magnitude (Chen et al., 2010;
Viosca et al., 2010; Lopez-Atalaya et al., 2011; Valor et al., 2011). Furthermore,
transcriptional events related to plasticity, such as activity-driven gene expression in

KAT3-deficient mice, seem largely spared (Alarcon et al., 2004; Valor et al., 2011)
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although in long-term synaptic rearrangements CBP is required for environmental
enrichment-induced neurogenesis and cognitive enhancement (Lopez-Atalaya et al.,
2011). In addition, experiments in mouse embryonic fibroblasts (MEFs) derived from
the KIX knock-in mice revealed a significant impact in only a small subset of CREB-
targets genes (Xu et al., 2007). The key features that determine the extent to which
an endogenous CREB target gene requires CBP/p300 are not completely clear. It is
possible that the number of CREB binding sites may be one limiting factor (Kasper et
al., 2010). Similar evidences were observed from the study of hypoxia-responsive
gene expression in MEFs deficient for both CBP/p300 CH1 domain function (Kasper
and Brindle, 2006). These findings suggest that there are others coactivator
mechanisms independent that can provide compensatory coactivation functions in
certain target genes (Xu et al., 2007). Regarding the KAT activity, the loss of CBP in
forebrain neurons of adult mice also indicates the limited impact over transcription of
dramatic reduction of histone acetylation (Valor et al., 2011). Indeed, experiments in
MEFs from double knockout mice for CBP and p300 showed almost complete loss of
histone H3K18 and H3K27 acetylation but limited transcriptional effects (Jin et al.,
2011). Interestingly, some of these transcriptional deficits were rescued by
overexpressing the CREB-regulated transcription coactivator 2 (CRTC2), a protein
without KAT activity (Bedford and Brindle, 2012). As H3K27ac is an active
transcription mark that can be used to discriminate active from inactive or poised
genes (Creyghton et al., 2010), this data raise the question regarding which is the
particular stage or conditions for these epigenetic marks to act as stimulators of

transcription.

1.3.3 Experimental models of Rubinstein-Taybi syndrome

A wide number of CBP- and p300-deficient mouse strains have been developed
making possible the modeling of specific endophenotypes of RSTS in the mouse.
Table 3 briefly summarizes different mouse models currently available for
investigating RSTS.
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Table 3. Neurological traits in mouse strains with deficient CBP activity

Pattern of
RSTS . expression .
model Mutation g f the Phenotypic features
mutation
CBP*" Null allele Ubiquitous Skeletal abnormalities,
heterozygous: growth retardation,
50% reduction genetic background
of CBP level effect on viability
(Alarcon et al. 2004,
Levine et al. 2005,
Tanaka et al. 1997,2000).
CBP*A Truncated allele Ubiquitous Skeletal abnormalities,
heterozygous: growth retardation,
expression of reduced viability
dominant-negative (Oike et al. 19993,
truncated protein Bourtchouladze et al 2003,
Oike et al. 1999b,
Yamauchi et al
2002).
CBP* Monoallelic Ubiquitous Abnormal skeletal
inactivation of the patterning, defects in
CBP gene: deletion hematopoietic
of the CH1 domain differentiation, growth
(aa 340-443) and retardation and
replaced by a craniofacial abnormalities
neomycin (Kung et al. 2000).
resistance cassette
Truncation of the
p300+/' protein after CH1 Ubiquitous Defects in neurulation, cell
by removing the aa proliferation, and heart
302-509 development
(Yao et al. 1998).
CBP/p300+/' Inactivating Ubiquitous Delayed terminal
point mutations in differentiation and a
the KAT domain of reduced muscle mass in
either CBP p300+/' (Roth et al. 2003).
(residues W1503
and Y1504) or p300
(W1466 and 1467)
cbp KXKX Triple point Ubiquitous  Smaller body size and
mutation in the reduced thymus volumen
KIX domain in (Wood et al. 2006,
homozygosis Kasper et al. 2002)
CBP/p300%""*  Deletions the CH1 Ubiquitous  Lung defects in CBP""*

domain of CBP (aa
342-393) and p300
(aa 329-379)

(Kasper et al. 2005).

Cre. CB Pflox/ﬂox

Introduction of loxP
sites flanking exon

Disruption of
CBPin

Phenotype comparable
to the two previously
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7 of CBP principal established mutant CBP
forebrain  alleles: CBP* and CBP"*
neurons (Tanaka et al., 1997,

2000; Oike et al., 1999;
Zhang et al. 2004).

Cre;CBP™/ Introduction of loxP  Disruptionin  T-cell ymphomagenesis

Cre;p300™™*  sites flanking exon ~ mammary (Kang-Decker et al. 2004).
9 of CBP gland, salivary
gland, skin, Increased number of CD8"
Introduction of loxP  and single+ thymocytes in CBP
sites flanking exon hematopoietic mutants (not observed in
9 of p300 cells in bone p300 mutants).
marrow, T cells completely lacking
thymus, and both CBP and p300 did
spleen. not develop normally and

are rare in the periphery
(Kasper et al. 2006).

CBP(HAT-) Tetracycline- CA1, dentate  Impaired NOR (24h) and
inducible transgene gyrus, MWM performance
encoding a CBP caudate (Korzus et al. 2004).
protein lacking putamen
HAT activity and neocortex

CBPA1 Transgenic Hippocampus, Impaired FC-Cx (24h)
overexpression of amygdala, and MWM performance
dominant negative striatum and  (Wood et al. 2005)
truncated protein cortex

p300A1 Truncated p300 (aa Impaired long-term
1-1031) lacking recognition memory and
the KAT domain contextual fear memory
and the C-terminal (Oliveira et al. 2013)

half of the protein
aa: amino acids, NOR: novel object recognition, MWM: Morris water maze, FC-Cx:
contextual fear conditioning; null mutants (gray), knock-in mutants (pink), conditional
knock out mutants (violet), transgenic mutants (green).

1.3.4 Developmental and adult component of Rubinstein-Taybi syndrome
Developmental programs are critically affected by changes in epigenetic mechanisms
(Gifford et al., 2013; Xie et al., 2013; Zhu et al., 2013). In particular, the relevance of
epigenetic mechanisms in the maintenance and regulation of cell fate decisions have
been clearly demonstrated in reprogramming experiments in which adult cells are
forced to go backwards in development to generate induced pluripotent stem cells
followed by re-differentiation toward different cell types. The residual epigenetic
signature characteristic of the original somatic cell (epigenetic memory) not only
favors the subsequent differentiation to lineages related to the tissue of origin but

also restrict the differentiation toward alternative cell fates (Kim et al., 2010). Hence,
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not surprisingly, the mutation of genes encoding epigenetic factors can severely alter
developmental processes. However, epigenetic mechanisms also can contribute to
control specific differentiation programs in adult somatic cells (Berdasco and Esteller,
2013).

CBP and p300 knockout suffer early embryonic lethality, which complicate the
investigation of the role of CBP and p300 in adult cell lineages (Kasper et al., 2010).
Fortunately, this problem can be circunvent by the creation of conditional knockout
(Novak et al., 2012) strains using the Cre/LoxP system, i.e., mice bearing cbp™ and
p300™* alleles. The investigation of these cKO mice has indicated that both proteins
have distinct roles in defined cell lineages and that the loss of both genes extremely
severely affects cell proliferation (Kasper et al., 2006; Xu et al., 2006).

In mammals, both CBP and p300 proteins are first required for neural tube
closure at the three-layer embryonic stage and later their expression decay
(Partanen et al., 1999; Bhattacherjee et al., 2009). But still, these two proteins are
also involved in the differentiation of neurons and glial cells from cortical precursors
at later stages (Wang et al., 2010; Tsui et al., 2014). During development, early
lethality has been detected. In homozygous mice bearing cbp- or p300-null alleles
(Yao et al., 1998; Oike et al., 1999; Tanaka et al., 2000) it has been observed that
death may occur by exencephaly (Yao et al., 1998; Kung et al., 2000; Tanaka et al.,
2000), abnormal blood vessel formation (Oike et al., 1999, Tanaka et al., 2000) and
heart development defects (Yao et al., 1998) whereas heterozygous mice (chbp*” and
p300'") are viable and fertle but exhibit craniofacial dysmorphia (prominent
forehead, blunt nose, and large anterior fontanel) and other RSTS-associated
skeletal abnormalities (Tanaka et al., 1997; Oike et al., 1999; Viosca et al., 2010).

In adulthood, animal models indicate that the lack of proteins with KAT activity,
like CBP or p300 in the brain, also contributes to the cognitive impairment in RSTS
(Alarcon et al., 2004; Korzus et al., 2004; Viosca et al., 2010; Lopez-Atalaya et al.,
2011) revealed for instance by defect in environment-induced neurogenesis as well
as impaired EE-mediated enhancement of spatial memory and pattern separation
ability. In addition, these changes were accompanied with an attenuation of the
transcriptional programme induced in response to EE and with deficits in histone
acetylation at the promoters of EE-regulated and genes related with neurogenesis
(Lopez-Atalaya et al., 2011). These phenotypes seem relatively modest when

compared with the dramatic consequences of KAT ablation during development. This
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observation is in concordance with the idea that epigenetic marks are more critical
during cell differentiation and lineage specification than the maintenance of
transcription programs in differentiated cells (Lopez-Atalaya et al., 2014). In the
context of IDDs a challenging point would be to distinguish the role of altered

epigenetic mechanism in both developmental and adult stages.

1.4 Epigenetic therapies in Huntington’s disease and Rubinstein-Taybi

syndrome

Currently, HD and RSTS have no effective therapy. In spite of extensive research,
treatment options for patients continue limited, and generally, only provide modest
symptomatic relief. The approaches as potential treatments for these diseases can

be divided in pharmacological and genetic treatments.

1.4.1 Pharmacological approaches

The development of HDACI has allowed the pharmacological manipulation of histone
acetylation levels to attempt the treatment of multiples neurological disorders as well
as cancer (Kazantsev and Thompson, 2008). The use of these compounds lead to
an accumulation of acetylated targets including histone and non-histone substrates
both in nucleus and cytoplasm (Chueh et al., 2014). Administration of HDACi (see
Fig. 7) has consistently showed therapeutic potential in models of HD, aimed at
restoring histone acetylation deficits caused by diminishion of KAT activity (section
1.2.6). Therefore the final target of the pharmacological approach is restorement of
the transcriptional dysregulation for relevant genes involved in neuronal functioning
and survival. In fact, some studies demonstrate phenotypical amelioration with
transcriptional rescue of specific genes (Steffan et al., 2001; Ferrante et al., 2003;
Gardian et al., 2005; Sadri-Vakili et al., 2007; Kazantsev and Thompson, 2008;
Thomas et al., 2008) although genome-wide studies revealed that in most of the
cases the impact over transcription of this type of approach is complex.
Unfortunately, the benefits of pharmaceuticals therapies still are quite limited. On top
of this, an important caveat is that overdose may have deleterious effects (Valor et
al., 2013).
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HDACI generally exert a broad action on HDACs (excluding HDAC class llI),
although HDACi 4b and related compounds may have more specificity against
HDAC1 and 3 (Jia et al., 2012). Regardless of a specific HDAC suppression in
transformed cells sensitive to HDACi-induced cell death in HD (Dokmanovic et al.,
2007), the beneficial effect of HDACi seems to be not predominantly mediated
through the inhibition of a particular HDAC (Benn et al., 2009; Bobrowska et al.,
2011; Moumne et al., 2012). The situation is more complex when considering that
HDACs have many protein substrates, in addition to histones, involved in the
regulation of gene expression, cell proliferation and cell death (Kazantsev and
Thompson, 2008). This is well exemplified by Dompierre et al., 2007. Consequently,
they can produce pleiotropic effects. Also, the chronic treatment with these
compounds might involve significant side effects due to the indiscriminate promotion
of high levels of acetylation. The molecular mechanisms by which HDACi exerts its
beneficial and toxic effects are currently not clear, nor whether these opposite effects
can be dissociated.

In the case of epigenetic therapy for RSTS, a crucial experiment came from
the Kandel’s lab. This group showed that the HDACi SAHA restored the deficits in
hippocampal L-LTP and long-term fear memory observed in the null allele mouse
model for RSTS (Alarcon et al., 2004). Similarly, Korzus and colleagues
demonstrated that memory deficits in mice lacking CBP KAT activity were rescued by
TSA (Korzus et al., 2004). Additionally, other studies in homozygous CBP****
showed impairment in object recognition (Wood et al., 2006) that were reverted by
HDACI (Stefanko et al., 2009). Importantly, acetylation levels were normal in those
mutants. Furthermore, CBP**XX mutant mice have shown that TSA-treatment
increases the expression of specific genes during memory consolidation and synaptic
plasticity (Vecsey et al., 2007; Haettig et al., 2011). However, the situation is different
in mice showing complete loss of CBP function in forebrain. In this case HDACi was
not efficient rescuing short- or long-term memory alterations (Chen et al., 2010). In
agreement with this, memory deficits generated by ablation of CBP in CA1
hippocampal area were not rescued when treated with the HDACi sodium butyrate
(SB) (Barrett et al., 2011).

Other chromatin remodeling approaches are the anthracyclines antibiotics
such as mithramycin and chromomycin. The anti-tumor properties are ascribed to

their inhibitory effects on replication and the transcription process. These compounds
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directly bind via the minor groove to DNA sequences with guanosine-cytosine (GC)
specificity and may interfere with binding of transcription factors to DNA. It is possible
to manipulate histone methylation indirectly, by using GC-binding anthracyclines
(Chakrabarti et al., 2000; Piekarski and Jelinska, 2013). It has been demonstrated
that interaction of mithramycin with the minor groove of DNA can inhibit transcription
factors of the Sp family, suppressing the expression of the methyltransferase
SETDB1/ESET expression and reducing hypermethylation of histone H3K9 in HD
animal models (Ryu et al., 2006). Anthracycline compounds have also been
demonstrated to interact directly with core histone proteins H3 and H4 (Rabbani et
al., 2004), as they can also reverse the hypoacetylation of histones H3 and H4 (Stack
et al., 2007). In any case, amelioration has been achieved in the tested animal
models (Ferrante et al., 2004; Ryu et al., 2006; Stack et al., 2007), in the latter case

concomitant to a partial reversal of the HD transcriptional dysregulation.

1.4.2 Genetic approaches

Genetic approaches are based on the addition of a corrected copy of a defective
gene or the inactivation of a mutated gene that is operating improperly. Although
such approaches currently have very limited usability in humans, their use in animal
models is essential to clarify the etiology of specific symptoms. HD is caused by a
single mutation at a defined locus, thereby this disease is potentially amenable to
gene therapy (Zhang and Friedlander, 2011). On the other hand, there are therapies
that target a specific gene mutation by RNA interference (RNAIi) avoiding the
translation of a key mRNA. Most gene therapy studies employ viral vectors to
express a gene of interest in host cells (McBride and Kordower, 2002; Gasmi et al.,
2007; Ramaswamy et al., 2007). This approach has allowed the over-expression of
CBP in mouse models mimicking AD with promising results (Liu et al., 2012), in
Drosophila model of polyQ disease (Taylor et al., 2003) as weel as models of

amyotrophic lateral sclerosis (ALS) (Rouaux et al., 2003).
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Objectives

1. To characterize the progression of neuropathology in HD82Q mice, a mouse
model of early-onset polyQ disease, with special emphasis on the onset of

transcriptional dysregulation.

2. To perform the first genomic profiles for histone deacetylation in an animal model

of polyQ disease using state-of-the-art ChIPseq methodology.

3. To investigate both locally and genome-wide the correlation between altered levels
of histone acetylation and transcriptional dysregulation in neurons in the brain of
HD82Q mice.

4. To identify genes in which transcriptional and epigenetic dysregulation concur to
define a disease signature conserved across different experimental models of the

disease.

5. To investigate the existence of changes in bulk histone acetylation levels for the

four-nucleosome histone in different experimental models of HD.

6. To explore the co-ocurrence of histone acetylation changes with other epigenetic

alterations at pathology’s relevant dysregulated genes.

7. To characterize the developmental consequences of CBP ablation and lysine

hypoacetylation in the nervous system.

8. To develop a genetic tool for increasing lysine acetylation levels in neurons and

validate its therapeutic potential in an experimental model of RSTS.
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Materials and Mehtods

3.1 Mouse models of neurological diseases

All animals were bred and maintained in our SPF facilities. Experimental protocols
were consistent with European regulations and approved by the Institutional Animal

Care and Use Committee.

3.1.1 Mouse models of Huntington’s disease

- N171-82Q mouse strain: The transgenic strain PrP-htt-N171-82Q mice express a
transgene of 171 amino acid mHTT protein with 82 polyQ residues under the control
of prion promoter (restricted to neurons in the CNS) (Schilling et al., 1999). In our
study these mice were acquired from Jackson Laboratories (stock No. 003627) and
maintained in a DBA and C57BL/6J mixed background (50:50) because the viability
of the strain is compromised in a pure C57BL/6J background.

Sodium butyrate (SB) (1.2 mg/kg in PBS) was administered by intraperitoneal
injection in N171-82Q mice. Vehicle-treated mice received an injection of PBS.
Sampling was performed 30 min later, before the decay of the transient increase of

acetylation (Valor et al., 2011).

- R6/1 mouse strain: These mice were acquired from Jackson laboratorles (stock
number 006471) and maintained in a pure C57BL/6J background. R6/1 strain shows
like the N171-82Q an early onset and rapid progression of the disease (Mangiarini et
al., 1996). R6/1 mice express exon 1 of the human HTT gene with 115 CAG repeats.
The transgene expression is driven by the human HTT promoter, which permits the

ubiquitous expression throughout the mouse brain.

- YAC128 mouse line: These mice were acquired from Jackson laboratories (stock
number 004938) and maintained in a pure C57BL/6J background. YAC128 line
expresses multiple copies of full-length human HTT with 128 glutamine repeats on a
yeast artificial chromosome (Slow et al., 2003). The advantage of full-length
transgenic models is that includes all the local conserved regions of mHTT human
gene, which are highly conserved across species allowing a better reproduction of
the HD symptoms (Kent et al., 2002). Thus, it would be expected that is regulated in
the mouse as it is in humans, defined by its native promoter and internal regulatory
elements. One characteristic of this reproducibility is that YAC128 mice line presents

a slow progression of the disease as is observed in HD patients. However, YAC128
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mice presents relatively robust motor dysfunction (i.e. rotarod deficits), psychiatric-
related behaviors and cognitive deficits, and selective atrophy in the striatum and
cortex that later extent to the cerebellum (Hodgson et al., 1999; Van Raamsdonk et
al., 2005; Gray et al., 2008).

3.1.2 Mouse model of RSTS

- Nes-cre::CBP" mouse strain: In our group, we have generated mice lacking CBP in
the neural line through the crossing of CBP floxed mice (CBP™) with transgenic mice
that express the cre recombinase under the control of the nestin promoter (Stock
number 003771, The Jackson Laboratory) and the CBP floxed allele (Nestin-cre ™/

CBP" mice). We will refer to this line as Nes-cre::CBP™".

3.2 Behavioral procedures

For all behavioral tasks, transgenic mice were analyzed with wild-type (wt) littermates
of the indicated age, and procedures were conducted during the light phase of the
light cycle. Experimenters were blind to genotypes. The result of the PCR-based
genotyping was provided as a factor for statistical analysis of the behavioral data
after task analysis. If not indicated, a Student’s t-test was used for statistical analysis

in all the behavioral experiments.

3.2.1 Morris water maze

Experiments were carried out in a 170-cm pool using SMART software (S.L. Panlab).
The basic water maze experiment was divided in two phases:

1) In the visible platform (VP) task, the animal was forced to swim in a pool filled with
opaque water and learnt to associate escape from the pool with finding a platform
submerged 1 cm under the water. The platform location changed every trial and was
cued with a black bar (Viosca et al., 2009). Mice received four trials of 120 sec
maximum, separated by a 60—120 min intertrial interval every day.

2) In the hidden platform task, the basic procedures were the same as in the visible
platform task, but the submerged platform was not cued and its position did not
change during the task. Therefore, the animal is forced to remember the position of
the hidden escape platform using distal surrounding cues. Probe trials of 60 sec, in

which the platform was removed, were performed on specific days (8 and 12) during
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the HP procedure to assess memory formation. After 60 sec, mice were gently
guided to the original platform location and allowed to remain in this position for 15
sec to avoid extinction. For the analysis of probe trials, a series of parameters were
calculated: quadrant occupancy (percent of time) including target (platform) quadrant
(TQ), number of crossings in an annulus (the double area surrounding the platform),
thigmotaxis (tendency to follow the wall around the outer perimeter of the tank),

speed, path length, etc.

3.2.2 Rotarod

To assess motor coordination and balance, mice were trained to maintain on a
rotating rod at fixed or accelerating speeds. Mice were first habituated to the
RotaRod (Panlab S.L, Barcelona) at a constant speed (4 rpm) until they were able to
stay on the rod for 5 min in both genotypes. On testing day, the Rotarod was set to
accelerate from 4 to 40 rpm over 5 minutes. The latency to fall (first slippery) was

measured.

3.2.3 Grip strength

Grip strength has been developed to measure muscle strength in rodent forelimbs as
an indicator of neuromuscular function. Each mouse was held gently by the base of
its tail over the top of the grid so that only its front paws were able to grip the trapeze-
like horizontal bar of the grip strength meter (Ugo Basile, etc). With its torso in a
horizontal position the mouse was pulled back steadily until the grip was released
down the complete length of the grid/bar and the maximum force applied as the peak
tension (in grams) is measured. Grip strength values were the average of six

measures.

3.2.4 Feet clasping
In a 5-min tail suspension, feet clasping was classified in mild and severe according
to the number and duration of the hind-paw clasping (threshold: 1-2 times of <3 s

each).

3.3 DNA constructs

All cloning primers used for cloning can be found in Table 4. Plasmids and sources
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thereof used in this study can be found in Table 5.

- pSyn-wtHTT-GFP and pSyn-mutHTT-GFP: Shorter Htt fragments of the pCl-
neo1955-15Q and pCl-ne01955-128Q plasmids were obtained by conventional PCR
using the Pfu DNA polymerase (Fermentas, ThermoFisher) following suppliers’
instructions. Primers end contained sites for Xhol and BamHI to permit an open
reading frame cloning into the vector with GFP. Next, the wtHTT-GFP and mHTT-
GFP fragments were digested with Bglll and Notl and subcloned into the lentiviral
vector (Gascon et al.,, 2008) (where the second synapsin promoter has been
removed (pSyn-WPRE)) at the BamHI and Notl cloning site to get different versions
of plamids: pSyn-cyt wtHTT-GFP, pSyn-nuc wtHTT-GFP, pSyn-cyt mHTT-GFP and
pSyn-nuc mHTT-GFP. Next, the production of lentiviral pseudovirions (LV) was
carried out as described in (Gascon et al., 2008) with minor modifications (Benito et
al., 2011). Both wild-type fragments were undistinguishable in the culture
preparations, and therefore only the longest version (cyt) is shown and referred to as
pSyn-wtHTT-GFP.

- pCAG-GFP-wtHTT and pCAG-GFP-mutHTT: The pCl-neo1955-15Q and pCI-
neo1955-128Q plasmid, were digested with Xhol restriction enzyme and subcloned
into the pEGFP-C3 vector in order to fusion the EGFP protein with the protein of
interest. The entire fragment was obtained after digestion with Nhel and Kpnl
restriction enzimes and cloned into the Nhel/Kpnl site of pPCAGGS/ES vector (kindly
provided by Eloisa Herrera's lab) (Fig. 10). Expression of the fluorescent protein was
under the control of the CAG promoter, a modified chicken-actin promoter with a

cytomegalovirus immediate (CMV) early enhancer (Garcia-Frigola et al., 2007).
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CMmV Htt (580 aa) 3’ intron SV40

pCl-neo vector ‘ AAAAA

Xho I digestion

cloning

CMmV EGFP MCS
pEGFP-C3 vector

1) Xho | + dephosphorylation

2) Nhel / Kpnl digestion

CAG MCS EGFP Htt (580 aa) MCS

PCAGGS/ES vector ‘ ‘

Nhel Kpnl

Electroporation

Figure 10. mHTT fusion protein cloning strategy. CMV: cytomegalovirus promoter; CAG: promoter
(chicken B-actin promoter with CMV enhancer), restriction enzymes are depicted in bold type.

- pSyn-NLS-GFP and pSyn-NLS-KAT-GFP: The lentiviral plasmid in primary cultures
infection of the fusion protein NLS-KAT-GFP in neurons was generated by fusioning
the KAT domain of CBP with a nuclear localization signal (NLS) into the pEGFP-N3
vector (Clontech). First, NLS fragment headed by a Kozaq signal was obtained by
hybridizing two pairs of primers (Fig. 11) with cohesive ends to permit cloning at Bglll
and Hindlll sites of the pEGFP-N3 vector. Second, the KAT domain (from 1099 to
1758 aa) as defined by Bannister and Kouzarides (Bannister and Kouzarides, 1996),

1996 was obtained by PCR using the primers KAT-forward and KAT-reverse (see
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Table 4) containing the sites for Hindlll and BamHI at their 5 end to permit an
oriented cloning into the vector with the NLS. Third, The NLS-KAT-GFP fragment
was digested with Bglll and Notl and subcloned into the lentiviral vector (pSyn-
WPRE) at the BamHI and Notl cloning site. A negative control plasmid was similarly

obtained but without the KAT domain insertion.

Tet element CMV CBP

pMM400 based vector ‘

_> <—
PCR

- cloning | (Introduction of Hind Il and BamH | sites)
Oligo hibridization
(Mimicking restriction
by Bgl Il and Hind IIl)
CMV. NLS, KAT domain EGFP

pEGFP-N3 vector -qﬂ
Bgl Il Hind Il amH |

sub-cloning (Nhe 1/ Not | digestion and blunting with Klenow)

SYN NLS KAT domain EGFP

Lentivirus vector ““

Figure 11. KAT domain cloning strategy. CMV: cytomegalovirus promoter; CBP: CREB binding
protein, NLS: nuclear localization signal, Syn: synapsin promoter, restriction enzymes are depicted in
bold type.

- pCAG-NLS-KAT-GFP: The entire fragment NLS-KAT-GFP was obtained after
digestion with Nhel and Notl restriction enzymes and cloned into the Xbal/Not! site of
pCAGGS/SE vector. A negative control plasmid was similarly obtained but without

the KAT domain insertion.
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Table 4. Cloning primers

Primer name

5' CBP KAT F
3'CBP KATR
5 HittF

3'HttR

Sequence (5'-> 3')

CGAGCTCAAGCTTCTAGAAGCACTCTATCGACAG
GGTGGCGATGGATCCACCCTGACTGCTGCCCTC
AGATCTCTCGAGATGGCGACCCTGGAAAAGC

AAGCTTGGATCCCTGA GGAAGCTGAGGAGG

Table 5. Plasmids used in this work

Plasmid name

Source

pCl-neo1955-15Q
pCl-neo1955-128Q
pSyn-WPRE-Syn-WPRE
pSyn-WPRE
pSyn-cyt wtHTT-GFP
pSyn-cyt mHTT-GFP
pSyn-nuc mHTT-GFP
pCAG-GFP-wtHTT
pCAG-GFP-mHTT
pSyn-NLS-GFP
pSyn-NLS-KAT-GFP
pCAG-NLS-KAT-GFP

pCAG-NLS-GFP

Dr. Hayden, British Columbia University
Dr. Hayden, British Columbia University
Dr. Francisco Gomez Scholl, University of Sevilla
De novo cloning
De novo cloning
De novo cloning
De novo cloning
De novo cloning
De novo cloning
De novo cloning
De novo cloning
De novo cloning

De novo cloning
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3.4 Cell lines and primary cultures

3.4.1 Established cell lines cultures

HEK293 and HEK293T (bearing the large T antigen from SV40) cells were grown in
a monolayer under optimum growth conditions (37°C, 5% CO;) in DMEM (21969 and
11960 Gibco®, respectively) supplemented with 10% fetal bovine serum (FBS,
Gibco®), 2 mM glutamine (Gibco®), 10,000 U/ml of penicillin and 10,000 ug/ml of
streptomycin (Gibco®). All cell lines were maintained in 10 cm diameter plates and
split every 3-4 days when they were 70-80 % confluence.

PC12-TetOn-HD23/72Q cells (kindly provided by Dr. Rubinsztein, Cambridge
Institute of Medical Research (Wyttenbach et al., 2001)) were maintained in DMEM
(Gibco, 11960 and 21969 respectively) supplemented with 10% horse serum (Gibco),
5% Tet System fetal bovine serum (FBS, Clontech), 1% penicillin-streptomycin
(Gibco), 200 pg/ml G418 (Invitrogen) and 100 ug/ml of hygromycin B (Clontech). For
the induction of the transgene, doxycycline (1 pg/pl) was applied to the medium at
the indicated times. Doxycycline and G418/hygromycin B were replaced every 2 and

3-4 days, respectively.

3.4.2 Primary dissociated hippocampal cultures

The procedure was based in (Benito et al., 2011). Briefly, the day before culture, 24-
well plates (BD Falcon™) containing coverslips were treated with Poly-D-Lysine (0.5
mg/ml, Sigma-Aldrich) at room temperature O/N. The next day, a pregnant mouse
was sacrificed by cervical dislocation. Experimental animals were Swiss Albino wild-
type mouse embryos at E17.5. Embryos heads were separated and the brains were
pulled out from the skull and transferred into a Petri dish with pre-cooled HBBS
(Gibco®). Then the brains were cut along midline and the hippocampi region was
extracted. Subsequently the tissue was digested with 0.25% trypsin, 0.1 mg/ml of
DNase | (Invitrogen) and incubated in a water bath at 37°C for 15 min. The tissue
was washed three times with fresh plating medium (PM) (DMEM 11960 Gibco®
supplemented with 10% FBS, 0.45% glucose, 2mM glutamine and
penicillin/streptomycin 100U/mI-100 pg/ml) to inactivate the trypsin. After dissociation
of the tissue the cell density were determined by measuring the cell number in a
Neubauer chamber (Marienfeld) and seeded at a density of ~130.000 cells per well.
The cells were incubated at 37°C and 5% CO; during 2-3 h and the PM was replaced

60



Materials and Mehtods

for maintenance medium (MM) (Neurobasal Gibco®, supplemented with B27, 2 mM
glutamine and penicillin/streptomycin 100U/mI-100 pg/ml). During the experiment the

cells were maintained in MM. The day of plating is considered “Day in vitro” 0 (DIVO).

3.4.3 Cell culture infection

The day of virical introduction is considered “Day of infection” 1 (1DINF). Primary
hippocampal neurons were infected at 1DINF by adding the necessary volume of the
concentrated viral preparation to achieve a theoretical MOI (Multiplicity Of Infection)
of 1000 (Benito et al., 2011). Due to the tittering procedure employed (see item 5.1),
we estimated that the effective MOI was 1-10. In all cases, percentage of infection

was visually estimated to be close to 80% for the neurons.

3.4.4 Transient transfection

Neuronal transfection for morphometric assays were performed with Lipofectamine™
2000 (Invitrogen) according to the manufacturer’s instructions. Briefly, the medium
was replaced with prewarmed culture medium devoid of Neurobasal and cells were
returned to the incubator for recovery. 0.8 ug of DNA was used per well of a 24-well
plate. DNA and lipofectamine (2 ul per well of a 24-well plate) were independently
mixed with DMEM/Neurobasal and incubated for 5 min at RT. Later, they were mixed
and incubated for 20 min at RT and added dropwise to the cell culture. The

transfection medium was replaced with fresh culture medium after 1-2 h.

3.4.5 Cell death assays

Cell death estimation was based on lactate dehydrogenase (LDH) activity, which was
was measured with kit “Cytotoxicity Detection kit PLUS” (Poirier et al.). Briefly, 50 pl
Reaction mix were added to each well and the plate was incubated at RT for 20-30
min. Finally, 25 pl Stop buffer was added to each well and absorbance was
measured at 490 nm in a Benchmark microplate reader (BioRad). LDH activity was
expressed as mean fold activity vs. untreated control. Manufacturer's instructions

were followed.

3.5 Lentiviral vectors

3.5.1 Lentivirus production, titration and infection

The production of lentiviral pseudovirions (LV) was carried out as described in
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(Gascon S. et al. 2008). Briefly, HEK293T cells were plated in 15 cm plates
(Starsted) at a density of 10 x 10° cells per plate and left to recover overnight (o/n).
24 h later, when cells were 70-80% confluent approximately, the co-transfection was
performed by the Calcium Phosphate (CaPO,) Method. The following plasmids were
mixed: 20 pg of transgene-bearing plasmid, 15 ug of pCMV-98.9 which contains the
gag and pol viral genes (that encodes for the viral capsid proteins and the reverse
transcriptase respectively) and 10 yg of pCAG-VSVg plasmid encoding the VSV-G
protein from the vesicular stomatitis virus (VSV) for pseudotyping and achieving
pleiotropic infection. For each transfection 1.8 ml of H,O, 2 ml of phosphate buffer
(2X HBS: 50 mM HEPES and 1.5 mM Naz;HPO,4, 280 mM NaCl) and 0.2 ml of 2.5M
CaCl, was added dropwise to the abovementioned suspension to induce
precipitation of calcium phosphate particles bearing the three plasmids required for
viral production. This mixture was added dropwise to the cells and media was
replaced 4-6 h after transfection to prevent cell toxicity. 48-60 h post-transfection, the
cell supernatant was collected, centrifuged at low speed (5min at 2000 rpm) and
fillered (0.45 pm filters, Nalgene) to eliminate cellular debris in suspension. The
filtered medium was transferred to a conical ultracentrifuge tube (Beckman 358654),
which was sealed to avoid biological spills. The viruses were concentrated by
ultracentrifugation at 25000 rpm in Optima L-100XP (Beckman) for 90 min to pellet
viral particles. Then the supernatant was eliminated and the viral pellet was
resuspended in 1% PBS volume 3 orders of magnitude smaller than the initial
volume of cell supernatant. The viral suspension was stored at 4°C O/N to facilitate
manual resuspension and aliquoted for long-term storage at -80°C.

Titration of the LV vector particles was performed by qRT-PCR. First of all,
viral RNA was extracted with QlAamp Viral RNA Mini kit (QIAGEN). Next, the
retrotranscription was performed using the procedures described section 3.12. A
standard curve of known concentration of lentiviral plasmid copies was amplified in
parallel in order to estimate the number of viral genomes in the original
unconcentrated preparation. Unconcentrated viral preparations regularly fell in the
order of 10%-10° particles/ml. The effective titter is estimated at the range as the
correction of 1000-fold concentration factor is the same as the overestimation of the
titter due to contaminating genomic DNA and/or defective viral particles in the original
preparation (Sastry et al., 2002). PyroTaq EvaGreen qPCR Mix Plus (Trembath et al.,
2010) (Cultek) were used to quantitatively amplify the cDNA copies of the viral
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genomes (see section 3.10).

3.5.2 Biosafety measures

All procedures were revised and approved by the in-house biosafety committee, and

carried out in a designated area according to P-2 risk level.

3.6 In utero electroporation protocol

Pregnant females were deeply anesthetized with 5% isofluorane and placed under
binocular microscope. Anesthesia during surgery with 1.5% isofluorane was
administered through a facemask. An electrode puller was used to prepare fine-
tipped micropipettes: borosilicate glass capillaries with 1.2 mm/0.68mm outer /inner
diameter (1B120F-4; WPI, Saratosa, FL, USA), with a tip 8mm long and 40-50 pm of
outer diameter, approximately. Capillaries loaded with DNA solution (1 ug/ul) was
introduced into the embryo brain with 0.03% fast green in PBS (Sigma-Aldrich), and
approximately 1 yl of DNA was pressure-injected into the cortico-striatal area. Next, a
pin-and-paddle tweezers-type electrode (CUY650 P5; NEPA Gene, Chiba, Japan)
was used to electroporate the DNA into the striatum. Square electric pulses (50 ms)
were passed using an electroporator (CUY21EDIT; NEPA Gene). Electric pulses
were set at constant voltage of 45V for E14 embryos. Under these conditions,
amperage readings were 75 £ 3mA (mean + S.E.M.) for E14 embryos (Garcia-Frigola
et al., 2007). The dam skin was suture-closed, and the animal was allowed to recover
from the anesthesia. The electroporated animals were processed at different adult

states after behavioral experiments and histological analysis.

3.7 Immunodetection and Immunoblotting analysis
3.7.1 Antibodies
Secondary biotinylated antibodies, streptavidin peroxidase conjugated and 3,3'-

Diaminobenzidine (DAB) substrate were obtained from Sigma-Aldrich (Table 6).

63



64

Table 6. Antibodies used in this study

Antibody Host Usual Source
dilution

a-AcH2A (K5, 9, 13,15) Rabbit 1:500 Millipore
a-AcH2B (K5, 12, 15, 20) Rabbit 1:1000 Barco's lab (Sanchis-Segura et al., 2009)
a-AcH3 (K9, 14) Rabbit 1:3000 Barco's lab (Sanchis-Segura et al., 2009)
a-AcH4 (K5, 8, 12, 16) Rabbit 1:500 Barco's lab (Sanchis-Segura et al., 2009)
a-H3 K4me3 Rabbit 1:300 Millipore
a-H3 K9me2/3 Mouse 1:1000 Abcam
a-H3 K27me3 Mouse 1:500 Abcam
a-H2Aub Mouse 1:100 Millipore
a-Huntingtin clone mEM48 Mouse 1:200 Chemicon
a-H2B (07-371) Rabbit 1:5000 Millipore
a-H3 (05-499) Rabbit 1:5000 Abcam
a-MAP2 (clone HM-2) Mouse 1:800 Sigma-Aldrich
a-f3 actin (clone AC-15) Mouse 1:10000 Sigma-Aldrich
a-tubulin acetylated Mouse 1:10000 Sigma-Aldrich
a-GFP Chicken  1:1000 Ave Labs
a-GFAP Rabbit 1:1000 Sigma-Aldrich
a-NeuN Mouse 1:3000 Millipore
a-NF-«xB p65 (acetyl K310) Rabbit 1:1000 Abcam
a-NF-xB p65 Rabbit 1:1000 Abcam
a-Acetyl p53 Mouse 1:1000 Abcam
a-Acetyl Lys Rabbit 1:1000 Millipore
a-CBP (C-1) Mouse 1:200 Santa Cruz
a-DARPP32 Rabbit 1:400 Abcam
a-DsRed Rabbit 1:1000 Clontech
a-Rabbit-HRP Goat 1:7500 Cell Signaling
a-Mouse-HRP Goat 1:10000 Cell Signaling
a-Calbindin-D-28K Rabbit 1:1000 Sigma-Aldrich
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a-chiken-Alexa-488 Goat 1:500 Invitrogen
a-mouse-Alexa-594 Goat 1:500 Invitrogen
a-mouse-Alexa-555 Goat 1:500 Invitrogen
a-rabbit-Alexa-633 Goat 1:500 Invitrogen

3.7.2 Immunocytochemistry and Immunohistochemistry

After transfection or LV infection the cells were fixed with 4% paraformaldehyde
(PFA) (Sigma-Aldrich) for 12 minutes. The cells were next rinsed 3 times with PBS
(10 min each) and permeabilized for 10 min with PBS-T (PBS with 0.2% Triton-
X100). Following permeabilization, they were incubated for 20 min in blocking buffer
composed of 1.5% Newborn Calf Serum (NCS, GIBCO) in PBS. Cells were then
incubated with a suitable primary antibody diluted in PBS-T + 1% NCS at 4°C
followed by washes with PBS and PBS-T and further incubation with secondary
antibody for 1.5 h at room temperature. After additional washes, the cells were
stained with 4'-6-diamidino-2-phenylindole (DAPI) 1 uM for 2 min. Subsequently, the
coverslips were mounted with SlowFade® Antifade Reagent. The same procedure
was applied with slides brain sections. Regarding DAB, to quench endogenous
peroxidase (HRP) activity, the slides sections were incubated with peroxidase
blocking reagent (3% H202) for 15 minutes. The subsequent steps were as
mentioned above. Following, the samples were incubated with the biotinylated
secondary antibody. For the detection, samples were incubated with Streptavidin-
HRP conjugate (HSS-HRP) for 1 h at room temperature (RT) (due to the large
enzyme to antibody ratio there is a degree of signal amplification which provides high
sensitivity). Lastly, tissue sections were rinsed with peroxidase substrate solution
(DAB Chromage/Substrate solution) carefully monitoring the intensity of the tissue
Colored precipitate localized to the sites of antigen expression as the chromogenic
substrate was converted by HRP enzyme into insoluble end product and mounting

with an organic Mounting media.

3.7.3 Protein extraction and western blot

Cells were placed on ice and the culture supernatant was removed. 100 pl of Protein
Extraction Buffer (PEB: 50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1% NP-40)
containing Protein Inhibitor Mix (PIM, Roche) was added to each well and cells were
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scraped from the glass coverslips. The protein extract was transferred to fresh tubes
and SDS was added to a final concentration of 2% v/v. Samples were centrifugated
at 13.000 rpm at 4°C for 5 min and finally, loading buffer and 10% B-mercaptoethanol
(Sigma-Aldrich M7154) were added from concentrated solutions to a final
concentration of 1X. Prior to loading, samples were heated at 95°C for 5 min to
denaturalize the proteins.

For tissues samples, mice cortical, striatal, hippocampal and cerebellar
samples were rapidly dissected using a chilled acrylic mouse brain slicer matrix (Zivic
Instruments), frozen in dry ice and stored at -80°C until further protein extraction (see
the procedure above). Sample protein concentration was determined and equal
amounts of protein were loaded in each lane.

Proteins extracts were separated by SDS-PAGE in gels containing 12-15%
polyacrylamide/bisacrylamide and they were transferred to a nitrocellulose
membrane (Pall Life Sciences) for immunodetection. The Ponceau solution (Sigma-
Aldrich) was used to check the transfer. Blocking and primary antibody incubation
was performed in PBS-T + 5% BSA. The secondary antibody was diluted in PBS-T +
1% BSA. Membranes were revealed with chemioluminiscence with the kit “Western
Lighting Plus-ELC” (PerkinElmer) and image acquisition was done in an Intelligent
Dark Bpxll apparatus (FUJIFILM LAS-100 equipment (Fuji photo Film Co.)) and
quantified using Quantity One 4.6 software (Bio-Rad, Inc.).

3.8 Microscopy and morphometric analysis

Immunostaining was examined by using Leica DM2500 fluorescence microscope.
Images were recorded with a Leica DFC300 FX digital color camera and processed
with Leica Application Suite (LAS) V3.8.0 imaging software. For Multi-Area Time-
Lapse that enables multiple measurement points in glass slides, Confocal Laser
Scanning Microscope Olympus FV1200 implemented with Olympus FV-ASW
software was used. The IHC staining was performed as described above. Cell
counting and signal intensities quantification was performed using ImageJ64
software. Morphological analysis was performed 24 h post-transfection after staining
with the appropriate antibodies (see Table 6). Confocal images were acquired with a
1024 x 1024 resolution and the pixel intensity within the dynamic range of the

detector. For spine density analysis, the 60X objective was used and approximately
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6-10 sequential planes in Z were acquired with a step size of 0.5 ym. Spines count
were manually performed in random order with the software ImageJ and are
expressed as the normalized fold change in spine density (number of spines/10 pym

length of dendrite).

3.9 MRI Imaging

Experiments were carried out in a horizontal 7T scanner with a 30 cm diameter bore
(Biospec 70/30v, Bruker Medical, Ettlingen, Germany). The system had a 675 mT/m
actively shielded gradient coil (Bruker, BGA 12-S) of 11.4 cm inner diameter. A H rat
brain receive-only phase array coil with integrated combiner and preamplifier, no
tune/no match, in combination with the actively detuned transmit-only resonator
(Bruker BioSpin MRI GmbH, Germany) was employed. Phantoms containing a
mouse head in agarose were placed in a custom-made holder and positioned fixed in
the magnet isocenter. T, weighted anatomical images were collected using a rapid
acquisition relaxation enhanced sequence (RARE), applying the following
parameters: field of view (FOV) 30x30mm, 15 slices, slice thickness 1mm, matrix 256
x 256, effective echo time (TEex) 56ms, repetition time (TR) 2s and a RARE factor of
8.The BO field distribution in a large voxel (40x40x40 mm3) containing the volume to
be imaged was acquired (FieldMap). Samples were localized with a T,weighted
RARE sequence, and first- and second-order shims adjusted with MAPSHIM
application in a sufficiently large voxel containing the brain. 3D data were acquired
using a RARE 3D sequence with TR 1500 ms, TEx 46.8 ms, RARE factor 16 and 16
averages in a total acquisition time of 13.6 h. The matrix size was 300x200x170
using a FOV of 30x20x17 mm?®, which yielded an isotropic resolution of 100 ym. Data
were acquired and processed with Paravision5.1 software (Bruker Medical GmbH,
Ettlingen, Germany). After 3D data acquisition, new orthogonal planes were
generated using Jive 7.9.0 application running under Paravision 5.1 software. Briefly,
after rotating the image to obtain the desired orientations, new 2D images were
created. Image resolution was digitally increased by linear interpolation rendering a
final isotropic resolution of 30 pym.
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3.10 RNA extraction, purification, RT-PCR and qRT-PCR

Total RNA from whole hippocampus, cortex, striatum, cerebellum and neuron cell
culture were purified using TRI reagent (Sigma-Aldrich) according to the
manufacturer’s instructions. For microarray experiments, RNA from 3 to 4 mice of the
same age, sex, and genotype were pooled and further cleaned up using the RNeasy
Mini Kit (Qiagen) according to manufacturer's recommendations. RNA concentration
and purity was measured with a Nanodrop and the same amount of sample was
retrotranscribed with the kit RevertAid (Fermentas) using hexamer random primer.
Quantitative RT-PCRs (RT-gPCR) were performed in an Applied Biosystems 7300
real-time PCR unit using PyroTaqg EvaGreen qPCR Mix Plus (Trembath et al.)
(Cultek). Primers used are in the listed in Table 7. All primers pairs were tested for
efficiency. Each independent sample was assayed in duplicate and normalized using
glyceraldehyde  3-phosphate  dehydrogenase (GAPDH) levels. Relative

quantifications were performed with the AACT method with GAPDH as a normalizer.

Table 7. RT-gPCR primers

Gene Primer Sequence (5°-> 3’)
GFP Forward GGGCACAAGCTGGAGTACAACT
Reverse ATGTTGTGGCGGATCTTGAAGT
Nfya Forward ACAAGGGACGGTCACTGTGAC
Reverse TTTGGATAGCAGGCACAGAGC
Niyb Forward GACAGCTACGTGGAGCCTCTG
Reverse AGTCCATCTGTGGCGGAGAC
Forward AACACTGCCCACCCCAGAG
Igfbp-5
Reverse TTGAACTCCTGGAGGGAAGCT
Bdnf CS Forward GAAGGTTCGGCCCAACGA
Reverse CCAGCAGAAAGAGTAGAGGAGGC
Forward AAGTCACACCAAGTGGTGGGC
Bdnf Prom. |
Reverse GGATGGTCATCACTCTTCTCACCT
Forward GTAAGAGTCTAGAACCTTGGGGACC

Badnf Prom. IV
Reverse GGATGGTCATCACTCTTCTCACCT
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Arc Forward AAGACTGATATTGCTGAGCCTCAA
Reverse GCAGGAGAACTGCCTGAACAG
Penk Forward TCCCAGATTTTGAAAGAAGGCA
Reverse GACCATGTGATCGCGCTTCTCGTT
Forward GGCCTAGCACTGCCAAATTG
Nr4at
Reverse GCAGCACCAGTTCCTGGAAC
Forward CTGGCCCAAGCTTCTTCTCA
Npas4
Reverse TCCATGCTTGGCTTGAAGTCT
cFos Forward GCTTCCCAGAGGAGATGTCTGT
Reverse GCAGACCTCCAGTCAAATCCA
Forward CTACATCAGCCGGGAGGAGAT
Hpca
Reverse ATCTTGTAAATGGCCTGCACAA
Forward CATGGACTGTGGTCATGAGCC
Gapdh
Reverse CTTCACCACCATGGAGAAGGC
Rin1 Forward GCGGCTGCCAGAAGCTAGT
Reverse CCTGGAACATGAGCTCTGAGC
Iptka Forward TACACTCGGCTTTCGCATTG
Reverse CAAAGACACGGGTCACTTGCT

3.11 Microarray analysis

Total RNA (3-5 ug) for microarray analysis was sent to an external service (Servicio
de Analisis Multigénico, Unidad Central de Investigacion de Medicina (UCIM),
Universidad de Valencia) for assessing RNA quality by Bioanalyzer. Subsequent
labeling, hybridization into Affymetrix arrays, image scanning and retrieval of CEL
files were performed following Affymetrix recommendations. Microarray data were
background corrected, normalized, summarized, and statistically analyzed using R
and Bioconductor (Gentleman et al., 2004). Both Affymetrix Mouse Gene 1.0 and 2.0
ST arrays were read using oligo package, using RMA algorithm as normalization

method. The limma package (Smyth, 2005) was used for extracting statistically
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significant changes between genotypes (moderated t tests) after removal of control
transcript cluster IDs. Specifically, Mouse Gene 1.0 ST arrays allow the identification
of the majority of protein-coding transcripts (total RefSeq transcripts covered:
26,166). A newest platform, Mouse Gene 2.0 ST Array, increases the number of long
non-coding transcripts and microRNA precursors for differential expression analysis
(total RefSeq transcripts covered: 35,240). For more detail see the section 4.1.2
(Reprint: The Journal of Neuroscience, June 19, 201333(25): 10471-10482).

3.12 ChIP assays and ChIP-seq analyses
Mouse were sacrificed by decapitation and the brain of interest (whole hippocampus,
cerebellum or striatum with associated cortical tissue) were dissected to proceed with
the ChIP-gPCR assay as previously described (Lopez-Atalaya et al., 2011), gPCR on
immunoprecipitated DNA was performed as described in the previous section using
specific primers close to the TSS.

ChIP-seq was performed as described previously (Lopez-Atalaya et al., 2013).
For the ChlPseqg-based screen, we generated four deeply sequenced libraries after
IP of hippocampal chromatin (pooled crude chromatin extracts from the hippocampi
of 16 10-week-old male mice) using antibodies against AcH3K9/14 (06-599 from
Millipore) and AcH4K12 (ab46983 from Abcam). Libraries were prepared using
indexed adapters following standard lllumina library preparation kits and protocols
(for further detail see section 4.1.2 Reprint: The Journal of Neuroscience, June 19,
201333(25): 10471-10482).

3.13 Functional genomics analyses

For Gene Ontology (GO) terms enrichment, we used the functional annotation tools
implemented in DAVID (Huang da et al., 2009) using the whole mouse genome as
background list. Only enrichments with a P-value < 0.05 were considered. Significant
GO terms retrieved from different gene expression datasets were compared using
Venny software (Oliveros, 2007); redundant (highly related but nonexactly matched)
terms were not considered in the analysis. The resulting GO terms were manually
collapsed. To predict enrichment of transcription factor binding sites (TFBS), Pscan
software was used to scan motifs from the Jaspar database in promoter regions (-
950/ + 50; (Zambelli et al., 2009). As datasets we used the lists of differentially

expressed and differentially acetylated genes at their TSS. For Spearman correlation,
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all the Jaspar motifs (130) were ranked according to their Z-score, independently of
their significance, for each dataset. Only enrichments with P < 0.05 were considered

significant.
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Results

4.1 Genomic landscape of transcriptional and epigenetic dysregulation in early

onset polyglutamine disease

4.1.1 Summary

Transcriptional dysregulation is an important early feature of polyglutamine diseases.
One of its proposed causes is defective neuronal histone acetylation, but important
aspects of this hypothesis, such as the precise genomic topography of acetylation
deficits and the relationship between transcriptional and acetylation alterations at the
whole-genome level, remain unknown. The new techniques for the mapping of
histone post-translational modifications at genomic scale enable such global
analyses and are challenging some assumptions about the role of specific histone
modifications in gene expression. We examined here the genome-wide correlation of
histone acetylation and gene expression defects in a mouse model of early onset
Huntington’s disease. Our analyses identified hundreds of loci that were
hypoacetylated at lysines 9 and 14 of histone H3 (H3K9/14ac) and lysine 12 of
histone H4 (H4K12ac) the chromatin of these mice. Surprisingly, few genes with
altered transcript levels in mutant mice showed significant change in these
acetylation marks and vice versa. Our screen, however, identified a subset of genes
in which H3K9/14 deacetylation and transcriptional dysregulation concur. Genes in
this group were consistently affected in different brain areas, mouse models, and
tissue from patients, which suggests a role in the etiology of this pathology. Overall,
the combination of histone acetylation and gene expression screenings demonstrates
that histone deacetylation and transcriptional dysregulation are two early, largely
independent, manifestations of polyglutamine disease and suggests that additional
epigenetic marks or mechanisms are required for explaining the full range of

transcriptional alterations associated with this disorder.

My specific experimental contribution to this article was:
» full behavioral characterization of the HD82Q mouse line, which included a
large battery of behavioral experiments,
* anatomical and histological analyses,
* MRI images analysis,

» quantification of bulk acetylation levels of the four nucleosome-histones by IC
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* gPCR validation of transcriptional deficits and ChIP-gPCR validation of altered

histone acetylation profiles.

4.1.2 Reprint: The Journal of Neuroscience, June 19, 201333(25): 10471-10482.

76



The Journal of Neuroscience, June 19, 2013 - 33(25):10471-10482 - 10471

Neurobiology of Disease

Genomic Landscape of Transcriptional and Epigenetic
Dysregulation in Early Onset Polyglutamine Disease
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Transcriptional dysregulation is an important early feature of polyglutamine diseases. One of its proposed causes is defective neuronal
histone acetylation, but important aspects of this hypothesis, such as the precise genomic topography of acetylation deficits and the
relationship between transcriptional and acetylation alterations at the whole-genome level, remain unknown. The new techniques for the
mapping of histone post-translational modifications at genomic scale enable such global analyses and are challenging some assumptions
about the role of specific histone modifications in gene expression. We examined here the genome-wide correlation of histone acetylation
and gene expression defects in a mouse model of early onset Huntington’s disease. Our analyses identified hundreds of loci that were
hypoacetylated for H3K9,14 and H4K12 in the chromatin of these mice. Surprisingly, few genes with altered transcript levels in mutant
mice showed significant changes in these acetylation marks and vice versa. Our screen, however, identified a subset of genes in which
H3K9,14 deacetylation and transcriptional dysregulation concur. Genes in this group were consistently affected in different brain areas,
mouse models, and tissue from patients, which suggests a role in the etiology of this pathology. Overall, the combination of histone
acetylation and gene expression screenings demonstrates that histone deacetylation and transcriptional dysregulation are two early,
largely independent, manifestations of polyglutamine disease and suggests that additional epigenetic marks or mechanisms are required

for explaining the full range of transcriptional alterations associated with this disorder.

Introduction

Polyglutamine (polyQ) diseases are autosomal dominant neuro-
degenerative disorders caused by an aberrant expansion of CAG
triplet-repeats in neuronal genes (Orr and Zoghbi, 2007). In the
case of Huntington’s disease (HD), this expansion takes place in
the huntingtin (HTT') gene (MacDonald et al., 1993). HD is usu-
ally diagnosed in adulthood on the basis of characteristic symp-
toms, such as involuntary movement, changes in character, and
cognitive deficits (Zuccato et al., 2010). Previous studies have
indicated that transcriptional dysregulation is an important early
feature of HD and other polyQ diseases (Cha, 2000; Bowles et al.,
2012; Seredenina and Luthi-Carter, 2012). One of the proposed
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causes of this dysregulation is defective neuronal histone acetyla-
tion (Saha and Pahan, 2006; Stack et al., 2007; Valor et al., 2013)
but different aspects of this hypothesis remain controversial and
require further investigation. Thus, not all studies on HD animal
models have confirmed the deacetylation of histones in bulk
chromatin assays (Hockly et al., 2002; Sadri-Vakili et al., 2007;
Klevytska et al., 2010; McFarland et al., 2012) and the genomic
topography of the possible acetylation deficits remains unknown. To
address these questions, we chose the transgenic mouse strain N171-
HD82Q (subsequently referred as HD82Q), which expresses a trun-
cated version of mutant Htt (mHtt) bearing an 82-residue long
polyQ tractand reproduces many features of HD, including progres-
sive weight loss and tremors, motor impairment, cognitive deficits,
and premature death (Schilling et al., 1999).

We present here the first parallel genome-wide analysis of tran-
scriptional and histone acetylation deficits in a polyQ disease model.
The combination of ChIPseq and microarray technologies sup-
ported the hypothesis that transcriptional and epigenetic dysregula-
tion, particularly aberrant acetylation of neuronal chromatin, are
important early features of HD, and identified the sites of epigenetic
and transcriptional dysregulation with nucleosome resolution. The
comparison of these two differential screens demonstrated that most
local histone acetylation deficits were not associated with transcrip-
tional dysregulation except for a subset of genes that showed both
reduced transcript levels and deficits in H3K9,14 acetylation at the
transcription start site (TSS). Genes in this group were consistently
altered in different brain areas, mouse models, and in transcriptomic
data derived from human patients, and therefore, represent suitable
candidates as progression biomarkers or therapeutic targets for this
devastating disease.
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Materials and Methods

Animals. The transgenic strain PrP-htt-N171-82Q (Schilling et al., 1999)
was acquired from Jackson Laboratories (stock No. 003627) and main-
tained in a DBA and C57BL/6]J mixed background (50:50) because the
viability of the strain is compromised in a pure C57BL/6] background. In
both the microarray-based and ChIPseq-based differential screenings,
tissue from several animals was pooled together to minimize the poten-
tial genetic variability that could result from this mixed background.
Sodium butyrate was administered as previously described (Valor et al.,
2011); mice were intraperitoneally injected with vehicle (PBS) or sodium
butyrate (1.2 mg/Kg) and killed 30 min later. Experimental protocols
were consistent with European regulations and approved by the Institu-
tional Animal Care and Use Committee.

Behavioral testing. For all behavioral tasks, we compared HD82Q ani-
mals and wild-type littermates of the indicated age. RotaRod and Morris
water maze tasks were performed as described previously (Valor et al.,
2011). Grip strength values are the average of six measures in the Grip
Strength Meter (Ugo Basile).

MRI analysis. For magnetic resonance imaging (MRI), mice were anes-
thetized, perfused with 4% paraformaldehyde, and decapitated. The
whole head was postfixed overnight and included in agarose before data
acquisition as reported (Lopez-Atalaya et al., 2011). Length and volume
measurements were performed using Image]J software.

Histological and Western-blot analyses. Nissl staining, immunohisto-
chemistry, and Western-blot analyses were performed as previously de-
scribed (Lopez de Armentia et al., 2007; Sanchis-Segura et al., 2009). Cell
counting and signal intensities quantification were performed using Im-
age] software. The following antibodies were used: acetyl-histone anti-
bodies specific for the panacetylated forms of H2A (K5, K9), H2B (K5,
K12, K15, K20), H3 (K9, K14), and H4 (K5, K8, K12, K16) produced in
our laboratory (Sanchis-Segura et al., 2009); «-Huntingtin, clone
mEM48 (MAB5374), a-AcH3K9,14 (06-599), a-H2B (07-371), a-H3
(05-499), a-NeuN (MAB377) from Millipore; a-AcH4K12 (ab46983)
from Abcam; a-GFAP (G9269), a-MAP2 (M4403), a-B-actin (F5441),
and biotinylated and HRP-conjugated secondary antibodies from
Sigma-Aldrich Quimica S.A., and Alexa Fluor 594 secondary antibody
(A-21209) from Invitrogen.

RNA extraction, RT-qPCR, and microarray analyses. Quantitative RT-
PCR (RT-qPCR) assays were performed as previously described (Valor et
al., 2011). Each independent sample was assayed in duplicate and nor-
malized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
levels. All primer sequences are available upon request. For microarray
experiments, RNA from 3 to 4 mice of the same age, sex, and genotype
were pooled and cleaned up using the RNeasy Mini Kit (Qiagen). Three
independent pooled samples per genotype and brain area were hybrid-
ized to Mouse Gene 1.0 ST expression arrays (Affymetrix). All the mice
(mutant and controls) used in the 10-week analysis were males, whereas
all the mice used in the 20-week analysis were females. We did not ob-
serve apparent sex differences in histopathology, premature death, and
gene-specific RT-qPCR assays. Microarray data were background cor-
rected, normalized, summarized, and statistically analyzed using R and
Bioconductor (Gentleman et al., 2004). Mouse Gene 1.0 ST arrays were
read using oligo package, using RMA algorithm as normalization
method. The limma package (Smyth, 2005) was used for extracting sta-
tistically significant changes between HD82Q and control samples (mod-
erated t tests). Fold-change >1.25 and adjusted P < 0.05 were used as
filters. These files can be downloaded from the Gene Expression Omni-
bus (GEO) database using the accession number GSE44855. Striatal
profiles were obtained from the datasets GSE9803 and GSE9804 corre-
sponding to 12-week-old R6/2 mice (Kuhn et al., 2007) and processed in
a similar manner than HD82Q arrays except for the use of the affy pack-
age to read the CEL files. Gene expression changes in caudate nucleus of
postmortem brain from HD patients were obtained from Hodges et al.
(2006). The same reported P value threshold was used (p < 0.001) but
additionally we applied a fold-change (FC) filter (>1.25) to minimize the
impact of very weak changes in our subsequent analyses.

ChIP assays and ChIPseq analysis. Chromatin immunoprecipitation
(ChIP) was performed as described previously (Lopez-Atalaya et al.,
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2011). ChIP-qPCR validation of candidate genes and ChIPseq experi-
ments were performed in independent cohorts of animals. For conven-
tional ChIP assays, we used dissected tissue from two mice for the
hippocampal samples and from a single animal for the cerebellar sam-
ples. qPCR on IP chromatin was performed as described for RT-qPCR
using specific primers close to the TSS. All primer sequences are available
upon request. Because initial two-way ANOVA analyses did not reveal
significant age effects or age-genotype interaction, we pooled the data
corresponding to 10- and 20-week-old animals. For the ChIPseq-based
screen, we generated four deeply sequenced libraries after IP of hip-
pocampal chromatin (pooled crude chromatin extracts from the hip-
pocampi of 16 10-week-old male mice) using antibodies against
AcH3K9,14 (06-599 from Millipore) and AcH4K12 (ab46983 from Ab-
cam). Libraries were prepared using indexed adapters following standard
[lumina library preparation kits and protocols. High-throughput se-
quencing was performed using a HiSeq-2000 apparatus (Illumina) with
50 TruSeq SBS v3 sequencing kit following the manufacturer’s instruc-
tions. Indexed reads were demultiplexed into individual samples, filtered
for low-quality reads and adaptor sequences. Fifty base-pair long
single-read datasets were obtained for AcH3K9,14 (wt and HD82Q
mice), AcH4K12 (wt and HD82Q mice), input (wt mice), and
preimmune serum (wt mice and HD82Q mice). To achieve sufficient
genome depth coverage to identify post-translational chromatin
modifications, the depth of the sequencing run was between 8.4 and
14.5 X 10° reads per sample (AcH3K9,14,1: 13,867,710; AcH4K12y,:
14,187,515; ACH3K9,14;1p4,07 9,053,780; ACHAK12y1p50: 9,935,242;
input sample: 7,904,594; I1gG condition: 9,220,090). A saturation analysis
indicated that the depth of sequencing was sufficient for reliable detec-
tion of histone acetylation peaks in our samples (data not shown). Reads
were aligned to the NCBI-M37/mm9 reference genome using BWA (Li
and Durbin, 2010), and BAM files were parsed using the SAMTOOLS (Li
et al., 2009) to extract uniquely mapped reads (AcH3K9,14,y: 88%;
AcH4K12y1: 86%; ACH3K9,14 158, 89%; ACHAK1 2456, 85%; input
sample: 80%; IgG condition: 80%). SICER algorithm (Zang et al., 2009)
was used to extract acetylation-enriched chromatin regions. To further
increase the depth of coverage and to exclude false positive enriched-
regions due to eventual local deficits of coverage in the control dataset,
acetylation-enriched regions were identified using pooled input and IgG
libraries as control library. SICER parameters for island identification
were as follows: redundancy threshold = 100, window size = 200, gap
size = 2 (AcH3K9,K14) (3 for AcH4K12), fragment size = 150, effective
genome fraction = 0.77, FDR (enriched islands) = 10 %, For the differ-
ential screen, we set a threshold of FDR adjusted p < 10 > to identify the
most reliably changed histone acetylation islands. The large islands at the
Prnp promoter corresponding to the detection of the transgene were not
considered in subsequent analyses. Overlap and annotation of signifi-
cantly enriched islands was done with ChipPeakAnno (Zhu et al., 2010).
RefSeq gene annotations were obtained from the University of California
at Santa Cruz (UCSC) Genome Bioinformatics website. Seqmonk and
Integrative Genomics Viewer (IGV; Robinson et al., 2011) were used for
data visualization and coverage snapshots at discrete loci. Wig files contain-
ing the coverage data (normalized read density per million bp; RPM) across
the enriched regions for the two acetylated histones were obtained using IGV
Tools. Read length was extended 200 bp. The files were then normalized to
the size of the dataset using Wigreader. The high-throughput sequencing
data generated in this study has been deposited at NCBI’s GEO and can be
consulted through the accession number GSE44855.

Meta-analysis of microarray and ChlPseq data. Log, fold-change values
from hippocampal microarray and ChIPseq data were directly corre-
lated. We also performed a Pearson correlation analysis using P values
that did not reveal any significant association. In those cases in which
more than one island were associated with the same gene, fold-changes
were averaged with the assumption that all the islands similarly contrib-
ute to gene expression. As an alternative to average, the nearest island to
the gene was tested without further improvement in the correlation co-
efficients. In the y >-square tests the expression data corresponding to the
whole array was first ranked according to the P values of TC IDs (MG 1.0
ST) or probesets (MG 430, HU133A, and B). The rank of the TC IDs/
probesets corresponding to Exp-AcH3 genes was determined and x>
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Figure 1.

Nissl MAP2

HD82Q mice show neuropathological traits in the absence of neurodegeneration. 4, Representative MRl images showing the striatum (Str), hippocampus (Hpc), and cerebellum (Ch)

of a 20-week-old HD82Q mouse and a control littermate. Red line denotes the area considered for quantification. B, Volume quantification of these brain areas (three animals per genotype). Mutant
mice had smaller brains. However, morphometric ratios were maintained between different brain regions and there was no apparent enlargement of lateral ventricles. Data are represented as
mean == SEM *p < 0.05, Student's t test HD versus wt. C, HD82Q (HD) mice had a short life span. Premature death was occasionally observed at early symptomatic stages (n = 9 for each genotype).
D, HD82Q mice did not gain weight in the same progression that control littermates. This phenotype was especially severe in males. E, Percentage of 10- and 20-week-old mice showing feet clasping
during 1 min tail suspension test. F, Double immunostaining of brain sections of 12-week-old HD82Q mice and control littermates with a marker for neurons (NeuN) and glial cells (GFAP) showed
no significant difference in the number of either cell type, indicating that there is neither neuronal cell loss nor gliosis. Scale bar, 10 m. G, Cerebellar morphology in 12-week-old HD82Q mice and
control littermates were undistinguishable; the quantification of layers thickness did not reveal any significant change (data not shown). Left, Nissl staining. Right, Inmunostaining of cerebellar
sections with the cerebellar markers DARPP32 and calbindin. Scale bars: Nissl, 200 rm; DARPP2 and calbindin, 500 wum. H, Hippocampal morphology in 12-week-old HD82Q mice and control
littermates were undistinguishable; the quantification of layers thickness did not reveal any significant change (data not shown). Left, Nissl staining. Right, Inmunostaining with the neuronal

marker MAP2. Scale bars: Nissl, 100 pm; DARPP2 and MAP2, 25 pum.

values were calculated related to a random distribution. For Gene Ontol-
ogy (GO) terms enrichment, we used the functional annotation tools
implemented in DAVID (Huang et al., 2009) using the whole mouse
genome as background list. Only enrichments with a P-value <0.05 were
considered. Significant GO terms retrieved from different gene expres-
sion datasets were compared using Venny software (Oliveros, 2007);
redundant (highly related but nonexactly matched) terms were not con-
sidered in the analysis. The resulting GO terms were manually collapsed.
To predict enrichment of transcription factor binding sites (TFBS),
Pscan software was used to scan motifs from the Jaspar database in pro-
moter regions (—950/+50; Zambelli et al., 2009). As datasets we used the
lists of differentially expressed and differentially acetylated genes at their
TSS. For Spearman correlation, all the Jaspar motifs (130) were ranked
according to their Z-score, independently of their significance, for each
dataset. Only enrichments with P < 0.05 were considered significant.

Results

HD82Q mice show neuropathological traits in the absence

of neurodegeneration

HD82Q mice exhibit slight brain atrophy but grossly normal anat-
omy (Fig. 1A, B). Despite their premature death (Fig. 1C), severe
weight loss (Fig. 1D), and motor dysfunction (Fig. 1E), no apparent

neurodegeneration or active gliosis were observed even in the late
stages of the disease (Fig. 1 F-H; Schilling et al., 1999; Klevytska et al.,
2010). We reasoned that the dissociation between neuronal mal-
function and death could allow us to investigate transcriptional and
epigenetic dysregulation without the confounding factor of changes
in the cellular composition of the tissue. Detailed histological analy-
sis of mHtt aggregates identified the cerebellum and the hippocam-
pus as the two main brain areas of transgene expression (Fig. 2A, B).
In agreement with this observation, processes that depend on proper
functioning of these regions, such as motor performance in the ro-
tarod task (Fig. 2C), grip control (Fig. 2D), and spatial learning in the
water maze (Fig. 2E-G), were severely affected in HD82Q mice (Fig.
2, see legend for additional detail). Importantly, cerebellar and hip-
pocampal functions are also altered in HD patients (Snowden et al.,
2002; Seneca et al., 2004). We focused our subsequent analyses on
these two tissues.

Severe transcriptional dysregulation in mHtt-expressing tissues
To investigate genome-wide transcriptional dysregulation in
HD82Q mice, we performed microarray analysis on hippocam-
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Figure 2.

Impaired cerebellar and hippocampal function in HD82Q mice. A, Transgene expression in HD82Q mice. Strong mHtt immunoreactivity was detected in hippocampus and cerebellum

of HD82Q mice. Aggregates were also detected in lower amount in the cortex and striatum of HD82Q mice, but were absent in sections from wt littermates. Representative images corresponding to
the CA1, CA3, and dentate gyrus (DG) subfields in the hippocampus, striatum (Str), and cerebellum (Ch) of 16-week-old HD82Q mice are shown. Insets in HD82Q show higher-magnification images
of mHtt aggregates labeled with white arrowheads. Scale bar, 100 .m. B, Quantification of mHtt immunoreactivity in brain sections of 8- and 16-week-old HD82Q mice. The strongest expressions
were detected in the hippocampus and cerebellum, followed by the cortex and striatum (n = 3 per genotype). Hp, Hippocampus; Cb, cerebellum; Str, striatum; Up, cortical upper layers; Low, cortical
lower layers; GrL, granular layer; MoL, molecular layer. Note that the presence of mHtt aggregatesin the cerebellum was 100-fold higher than that in the striatum or cortex. This result isin agreement
withimages presented in the original publication describing this strain (Schilling etal., 1999). ¢, Mutant mice slipped from the rod earlier than control littermatesin an accelerated speed rotarod task
(n="10forwt,n = 11for HD82Q). The weak mHtt staining observed in striatal tissue suggests that the motor deficits in HD82Q mice may be largely cerebellum-dependent. D, 10- and 20-week-old
HD82Q mice showed a significant reduction of grip strength. E-G, 3-month-old HD82Q mice were severely impaired in the Morris water maze task (n = 11 for wt, n = 8 for HD82Q). Mutant mice
showed reduced swimming speed (E) and longer path lengths to reach the platform in the hidden version of the task (F: H1-H8), but normal learning in the visible platform task (F: V1-V3). Mutant
mice also performed worse than wild-type littermates in the probe trials in day 5 (G: P1) and 9 (G: P2). These results suggest the existence of spatial learning defects in addition to the motor
impairment, although these two defects are difficult to dissociate. Data are presented as mean == SEM *p << 0.05; **p < 0.01; ***p << 0.001 (Student’s ¢ test) for differences between genotypes.

#,p << 0.05 (Student’s t test) for comparison with random performance.

pal RNA using Affymetrix Mouse Gene 1.0 ST arrays at two dif-
ferent stages of disease: early symptomatic (10 weeks old) and
terminal (20 weeks old; Fig. 3A). Differential gene profiling anal-
ysis identified 436 transcript cluster IDs (TC IDs), corresponding
to 405 annotated genes, that showed a significant genotype effect
(FC > 1.25, adjusted p < 0.05). The profiles of transcriptional
dysregulation in HD82Q mice were very similar at the two inves-
tigated time points, as shown both in the hierarchical clustering
(Fig. 3B) and correlation plot (Fig. 3C) analyses. Pairwise con-
trast tests retrieved the lists of TC IDs significantly altered at
specific time points and confirmed the early onset of most tran-
scriptional deficits and their moderate progression with age (Fig.
3C,D). No TC IDs showed a significant interaction between ge-
notype and age. The progression of the pathology in terms of gene
profiling was reflected in a modest increase in the severity of the
changes (FCpoywn tcms: 0.71 £ 0.01 in 10-week-old mice vs
0.67 = 0.01 in 20-week-old mice, p = 0.005; FCy, tcips: 1.27 =
0.02 vs 1.52 = 0.02, p = 6.5 X 10~ "*) and a larger number of
affected TC IDs (two- and eightfold increase for down- and upregu-
lations, respectively). These results indicate that mHtt expression is
initially strongly associated with impaired gene expression (up/
down ratio = 0.09) and later leads to numerous gene upregulations
(up/down ratio = 0.43), which might reflect the emergence of a
homeostatic or defense response to polyQ pathology.

To extend our transcriptomic analysis to a different tissue, we
also performed microarray analysis with RNA from cerebellar

tissue of the same 10-week-old animals. As shown in Figure 2 B,
this tissue presented the highest density of mHtt aggregates in the
brain of HD82Q mice. The comparison between control and
HD82Q samples detected 1624 TC IDs corresponding to 1413
annotated genes (FC > 1.25, adjusted p < 0.05). These results
indicate that the extension of transcriptional dysregulation cor-
relates with the abundance of mHtt aggregates and suggest that
the cerebellum may be more sensitive to polyQ pathology than
the hippocampus (Fig. 3E). Only 111 genes were consistently
affected in both tissues, indicating that a majority of mHtt tran-
scriptional targets are tissue specific. Among the affected tran-
scripts in both tissues, we found relevant genes known to be
altered in HD (Seredenina and Luthi-Carter, 2012) like the ones
encoding the neuropeptide enkephalin (Penk), subunits of gluta-
mate (Grm2) and GABA receptors (Gabrd), and the GTP-
binding protein Rasd2 (also known as Rhes). Among the
upregulated transcripts we found Nfya, which encodes for a sub-
unit of the transcription factor NE-Y that is sequestered in mHtt
aggregates (Yamanaka et al., 2008). As a positive control for our
screen, the analysis of individual probesets confirmed the over-
expression of Htt exon 1, which is part of the transgene construct,
in all HD82Q samples (Fig. 3F).

We next examined the expression of a number of candidate
genes, both common and region-specific, at different stages of the
pathology, from presymptomatic to terminal mice through RT-
qPCR assays using independent samples (Fig. 3G). Our assays
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representation of the progression of neuropathological traits and presence of mHtt aggregates. B, Heatmap showing the 436 TC IDs showing a significant genotype effect. €, Scatter plot showing
the FC (log2) of differentially expressed transcripts in the hippocampus of 10- and 20-week-old HD82Q mice. Note the deviation from the diagonal indicating that the progression of the pathology
was associated with a slight worsening of the transcriptional deficits. This deviation was more prominent among upregulated TC IDs. D, Venn diagram showing the number of significant TCIDs
retrieved in the contrast tests for 10- and 20-week-old mice (six arrays each). E, Distribution of differentially expressed genes in hippocampus and cerebellum. The areas are proportional to the
number of genes affected in each tissue and the percentage values correspond to the areas under the curve. F, The analysis of individual probesets confirmed the overexpression of Htt exon 1in
HD82Q samples. G, Validation and early onset of transcriptional deficits in hippocampus and cerebellum. RT-gPCR analysis of the temporal course of transcriptional dysregulation of selected genes
retrieved in our differential screen. We confirmed the transcript level changes in both hippocampus (blue) and cerebellum (red) of HD82Q mice. The discontinous line at Fold change 1 indicates the
expression in wild-type littermates. In all panels, RNA samples were collected from 6-, 10-, and 20-week-old mice. Data are represented as the mean = SEM. Student’s t test (p << 0.05; p << 0.005):
¥, ** for pairwise comparisons. Two-way ANOVA (p << 0.05; p < 0.005): +, + -+ for genotype effect; #, ## for age effect; § for genotype x age interaction.

included activity-induced transcription factors (Nr4al, Npas4)
and BDNF isoforms. Our assays confirmed the downregulation
of plasticity-related immediate early genes (IEG) in HD82Q mice
and revealed that the two main activity-regulated promoters of
Bdnf, P-1, and P-1V, were both affected by HD pathology. In
agreement with array data, the transcriptional deficits were, in
general, more severe in cerebellar tissue. Overall, these experi-
ments validated the microarray screen, confirmed the modest
progression of transcriptional defects (only Gabrd, Npas4, and
Nfya showed a significant progression with age), and demon-
strated that transcriptional deficits in HD82Q mice precede the
onset of chorea and weight loss, which suggests a possible role for
these alterations in the etiology of these symptoms.

Hundreds of genomic loci are deacetylated in hippocampal
chromatin of HD82Q mice
To examine the relationship between transcriptional and epige-
netic dysregulation associated with mHtt expression, we first as-
sessed the level of acetylation of the four nucleosome histones by
Western blotting and immunohistochemistry. In agreement with
previous studies (Hockly et al., 2002; Sadri-Vakili et al., 2007;
Klevytska et al., 2010; McFarland et al., 2012), but in contrast to
others (Gardian et al., 2005; Stack et al., 2007; Giralt et al., 2012),
neither one of these techniques revealed significant deficits in
bulk chromatin of mHtt expressing tissues (Fig. 4).

We next used ChIPseq technology to tackle the identification of
histone acetylation deficits with a resolution and genomic coverage
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Figure4. Bulk chromatin acetylation is not reduced in the brain of HD82Q mice. A, Representative Western blots analysis of hippocampal extracts from terminal HD82Q (HD, 20-week-old) and
wt littermate mice against different pan-acetylated histones. As a positive control, we also show histone acetylation levels in murine cortex after treatment with vehicle (V, PBS) or sodium butyrate
(SB). B, Quantification of the Western blots. Hippocampus, striatum and cortex: n = 6 (wt), n = 8 (HD); cerebellum: n = 7 (wt), n = 6 (HD). (, Representative immunohistochemistry images of
different brain areas from 18-week-old HD82Q (HD) and wt mice using an antibody against AcH3K9,14. Mice treated with SB were used as a positive control for the detection of significant changes
in histone acetylation. This HDAGi caused similar hyperacetylation of histones in HD82Q and wild-type littermates. Similar results were obtained for acetylated forms of the four nucleosome histones.
Scale bar, 100 wm. D, Quantification of immunohistochemistry assays in 10- (10w) and 18-week-old (18w) mice; n = 4 for both genotypes and times. E, Quantification of immunohistochemistry
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interaction, but a significant HDACi treatment effect for different histones and brain areas. Data are represented as mean == SEM *p << 0.05; **p << 0.005 (two-way ANOVA, treatment effect).

that is unattainable through Western blot, locus-specific ChIP assays
and ChIP-on-chip techniques. Given the relevance of the hippocam-
pus in cognitive processes affected by HD, we performed the
ChIPseq screen in hippocampal chromatin of early symptomatic
mice so that we could explore the predictive value of early deacety-

lation in late transcriptional dysregulation. We focused on two rele-
vant histone acetylation marks associated with active transcription:
AcH3K9,14, which is regulated during memory processes (Levenson
et al., 2004) and has been found reduced in some models of HD
(Stack et al., 2007); and AcH4K12, which has been linked to age-
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(inside exons orintrons) and islands overlapping with the 3’-end; blue, intergenicislands (upstream and downstream of genes). B, Venn diagram showing the physical overlap between AcH3K9,14
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values). The sector graphs show the distribution of these islands according to gene feature. The coloring is the same as in A. C, Volcano plots demonstrate the hypoacetylation of many enrichment
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related memory impairment (Peleg et al., 2010). The SICER algo-
rithm, which is particularly suitable for identifying local enrichments
for histone post-translational modifications (Zang et al., 2009), was
used to identify acetylation-enriched chromatin regions. We found
that both acetylation marks tended to accumulate in the proximity
of the TSS (Fig. 5A) defining thousands of enrichment islands, most
of which were located at promoters and intragenic sequences. The
physical overlap between the two labels was high and revealed their
convergence at active loci (Fig. 5B). Notably, there was a dramatic
reduction in the number of islands detected in HD82Q chromatin
compared with control samples (criterion FDR p < 10 % 27.7%
reduction for AcH3K9,14 and 71.7% reduction for AcH4K12).
SICER also allows the direct comparison of acetylation pro-
files between genotypes. The comparison revealed a general re-
duction of hippocampal chromatin acetylation in HD82Q mice

that was especially severe for the AcH4K12 mark (Fig. 5C). To
retrieve the most prominent changes, we set an arbitrary thresh-
old (FDR p < 10 ) that identified 1560 AcH3K9,14 islands and
2156 AcH4K12 islands altered by mHtt expression (Fig. 5D).
Notably, the top ranked islands for both histone marks mapped
onto the promoter of the prion protein gene (result not shown).
Because this sequence is part of the HD82Q transgene and
thereby it is in high copy number in the chromatin of mutant
mice, their prominent position in the lists of differential islands
represented a first validation of our differential screen. The great
majority of the acetylation changes that passed our filtering cri-
teria corresponded to hypoacetylation in HD82Q chromatin
(87.7 and 96.9% of the islands for AcH3K9,14 and AcH4K12,
respectively). As a whole, these differentially acetylated islands
accounted for a small proportion (<0.5%) of the murine genome
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(Fig. 5E), which is consistent with the absence of significant
changes in the acetylation of bulk chromatin reported above.

Most of these differentially acetylated islands mapped onto
inter- and intragenic regions. Moreover, although the islands that
overlapped with a TSS were in general larger than those located in
inter- and intragenic regions, mHtt-induced deacetylation at
TSSs was less prominent and had lower statistical significance,
particularly in the case of AcH3K9,14 (Fig. 5F,G). Overall, the
changes at the TSS affected 2.6% of AcH3K9,14 islands (Fig. 5H)
and 13.6% of AcH4K12 islands (Fig. 5I).

Transcriptional and histone acetylation defects show low
global correlation

To investigate the correlation between ChIPseq and microarrays
data, we discriminated between islands located in the TSS or in
intra- and intergenic regions because we reasoned that islands at
these different locations could distinctly contribute to transcrip-
tion. The most prominent H3K9,14 and H4K12 acetylation
changes detected in our ChIPseq screen showed no correlation
with expression changes of the nearest gene (Pearson correlation
indexes: 7155 = 0.17; pgragenic = 0-035 Mngergenic = 0.04). In con-
trast, when we compared the genes significantly altered at the
transcript level (genotype main effect, adjusted p < 0.05) with
nonfiltered fold-change values for the nearest H3K9,14 and
HA4K12 acetylation islands, a moderate correlation was observed
in the case of AcH3K9,14 islands located at the TSS (r = 0.47; Fig.
6A). Consistently with these results, we observed a slight reduc-
tion or increase of acetylation levels at the TSS in HD82Q sam-
ples, respectively for down- or upregulated genes (Fig. 6B, C).

Genes showing both transcriptional and deacetylation defects
are part of a consistent HD gene signature

Only 42 genes exhibited both a significantly reduction of tran-
script levels and H3K9,14 deacetylation at the TSS according to
our filtering criteria (Fig. 7A). This gene set, thereafter referred as
Exp-AcH3, showed a good correlation between the changes in
gene expression and acetylation (Fig. 7B; r = 0.69). Independent
RT-qPCR and ChIP-qPCR assays confirmed this association. In
particular, we examined the loci encoding enkephalin, the mod-

ulator of Ras signaling Rin1 and the regulator of dendritic growth
Itpka (Fig. 7C). Additional ChIP-qPCR assays were performed at
the TSS region of two candidate genes, the regulator of neuritic
growth Plk5 (de Cércer et al., 2011) and the epilepsy-related gene
Gabrd (Dibbens et al., 2004 ), that were affected in both cerebel-
lum and hippocampus (Fig. 7D). The assays demonstrated that
the deacetylation of H3K9,14 detected in our ChlIPseq experi-
ment in the hippocampus also occurs in cerebellar chromatin.
However, as reported above, the changes in gene expression and
promoter acetylation did not always run in parallel. Thus, the
promoter region of the gene encoding the activity-regulated
cytoskeleton-associated (Arc) protein, which is downregulated in
HD82Q samples, did not show any apparent change at the acet-
ylation level (Fig. 7E).

We also investigated whether the genes exhibiting altered
transcript levels specifically in the cerebellum were associated
with H3K9,14 deacetylation of the promoter. We assessed the
promoters of the cerebellar ataxia-associated gene Igfbp5
(Gatchel et al., 2008), the transcription factor Eomies (also known
as Tbr2), the IEG Fos, and the substrate of protein kinase C
Marcks (Fig. 7F). Like in the hippocampus, these gene specific
assays confirmed the association of histone deacetylation events
at TSS with relevant transcriptional deficits in HD tissue, but also
indicated that additional epigenetic marks or mechanisms are
required for explaining the full range of transcriptional altera-
tions in polyQ disease as exemplified by Marcks.

To further investigate the relevance of the group of genes that
exhibited concurrent changes in histone acetylation and gene ex-
pression in the hippocampus, we performed a GO enrichment anal-
ysis for this gene set and found a significant enrichment for ion
binding proteins, particularly Ca®"-binding proteins, and compo-
nents of the synapse (Fig. 7G), which is consistent with the important
synaptic dysfunction reported for these mice (Lietal.,2003). We also
asked whether the same genes were altered in other tissues and HD
models. To address this question, we examined the datasets corre-
sponding to cerebellar gene expression in HD82Q mice, to striatal
gene expression in R6/2 mice (a mouse model of early onset HD that
exhibits striatal degeneration; Kuhn et al., 2007) and to postmortem
caudate nucleus from HD patients (Hodges et al., 2006). GO and
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expressed and the genes differentially acetylated at the TSS. B, Correlation graph for the Exp-AcH3 subset. €, Bar graphs: ChIP-qPCR at the TSS of the genes Penk, Rin1, and /tpka and parallel RT-qPCR
assays for the corresponding transcripts validated ChIPseq and microarray experiments (n = 5 for wt and n = 6 for HD82Q; results from 10- and 20-week-old mice were pooled). ChIPseq profiles
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in all the examined datasets. In the three cases, we observed a highly
significant enrichment for Exp-AcH3 probesets among the top
ranked changes (Fig. 7H).

Interestingly, we also observed a good correlation between the
enrichment for TFBS in the promoter of deacetylated genes and that
in downregulated genes for the different HD models (Fig. 8A). Fur-
thermore, downregulated genes showed high correlation indexes be-
tween all the gene profiles whereas upregulated genes were poorly

KEGG pathways enrichment analyses also revealed a large overlap
between these the four datasets. More than 50% of the biological
processes affected in the hippocampus were also enriched in the
other datasets, including terms related to behavior (learning, mem-
ory, fear response), synaptic transmission, signaling pathways
(phosphorylation, cAAMP, small GTPase), and ion transport (mainly
K ™). The KEGG pathways calcium signaling, gap junction, MAPK
signaling, and neuroactive ligand-receptor interaction were affected
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correlated. Together, these results suggest that common transcrip-
tional mechanisms might be involved in the aberrant gene down-
regulation and deacetylation, whereas homeostatic responses
(which are likely to contribute more prominently to gene upregula-
tions) might depend on tissue-specific mechanisms. Among the
most significant and consistent motifs detected in this meta-analysis
were the binding sites of NRSF/REST and NF-«B that have both
been previously involved in HD (Buckley et al., 2010; Marcora and
Kennedy, 2010; Ravache et al., 2010; Datta and Bhattacharyya, 2011)
(Fig. 8B). This analysis (limited to the motifs represented in the
Jaspar database) did not identify DNA motifs unique to the Exp-
AcH3 subset and that could thereby establish a specific link histone
acetylation and gene expression deficits.

Discussion

Genomic landscape of transcriptional and epigenetic
dysregulation in polyQ disease

Distinctive clinical features and brain imaging studies suggest that
hippocampal and cerebellar malfunction may be especially relevant
in early onset HD, an aggressive form of the disease associated with
very long CAG repeats (Rodda, 1981; Rosas et al., 2003; Seneca et al.,
2004; Paradiso et al., 2008; Ruocco et al., 2008). Moreover, other
polyQ pathologies, such as different types of spinocerebellar ataxias,
have the cerebellum as the main target (Orr and Zoghbi, 2007; Seidel
et al., 2012). The regional pattern of transgene expression and the
severity and fast progression of neuropathological traits in HD82Q
mice made this strain especially suitable for investigating early onset
polyQ pathology in these structures.

Our experiments demonstrate that the acetylation deficits ob-
served in HD82Q mice are not global but are restricted to specific
loci and associated with specific TFBS and genomic features. Al-
though the two acetylation marks explored here have been linked
to active loci, their profiles revealed remarkable differences. The
enrichment profile of AcH3K9,14 showed sharp peaks that over-
lapped with the TSS, whereas AcH4K12 enrichment was charac-
terized by wider and blunter islands that frequently occupied
intra- and intergenic regions. The impact of HD pathology on the
two profiles was also different. Although deacetylation of
AcH4K12 islands in HD82Q chromatin was more severe than
that of AcH3K9,14 islands, these changes were not associated
with significant transcriptional deficits. As a result, we observed a

much better correlation between reduced transcript levels and
deacetylation at the TSS for AcH3K9,14 than for AcH4K12. Im-
portantly, deregulated H4K12 acetylation has been also observed
in the aging mouse hippocampus and linked to age-related mem-
ory impairment (Peleg et al., 2010). Our data therefore support
the notion that neuronal H4K12 deacetylation may represent a
biomarker for epigenetic dysregulation associated with hip-
pocampal malfunction or degeneration, although the specific
role of this mark in gene expression remains unknown.

Are histone acetylation and transcriptional dysregulation two
independent manifestations of polyQ pathology?

Our appreciation of the complexity of epigenetic regulation of
gene expression has dramatically increased with the development
of new genomic techniques based on next generation sequencing
(Dawson and Kouzarides, 2012). The novel insight that emerged
from these studies has challenged many assumptions regarding
the role of histone modifications in gene expression (Strahl and
Allis, 2000; Schiibeler et al., 2004; Wang et al., 2008) and basic
questions, such as whether the transcriptional rate of a locus is
determined by its histone acetylation level or vice versa, are now
under debate (Henikoff and Shilatifard, 2011; Bedford and Brin-
dle, 2012). One of the most striking conclusions of our compre-
hensive analysis is that histone deacetylation and transcriptional
defects were, in general, not linked. This result is in good agree-
ment with studies in yeast, flies, and mouse fibroblasts showing
that the post-translational modification of histones may not be as
essential for gene expression as anticipated. Thus, whole-genome
analyses of gene expression changes in histone mutants have typ-
ically revealed modest phenotypes and relatively little phenotypic
complexity resulting from the combination of histone mutations
(Lenstra et al., 2011; Rando, 2012).

In agreement with a recent report based on a chip-on-chip
screen (McFarland et al., 2012), our correlative analyses demon-
strated an important mismatch between gene dysregulation and
histone deacetylation in polyQ disorders, which indicates that the
relationship between these two phenomena is more complex
than anticipated (Saha and Pahan, 2006; Stack et al., 2007). With
the exception of some H3K9,14 acetylation deficits located at TSS
of genes that were part of a consistent signature found in different
HD datasets, most of the differences in histone acetylation de-
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tected in our differential screen mapped onto inter- and intra-
genic regions. Moreover, deacetylation events in inter- and
intragenic regions were in average more prominent than those in
TSSs. These acetylation defects did not have an apparent direct
impact on the expression of the nearest gene. However, we still do
not know the meaning of deacetylation events outside of the well
studied protein-coding regions (Bernstein et al., 2012). For in-
stance, a correlation between histone deacetylation at intergenic
regions and noncoding RNA transcription (which are underrep-
resented in current microarrays) might still exist. These defects
could also have trans and long-distance effects in other loci (San-
yal et al., 2012) or interfere with the transcriptional response of
the cell to future challenges or insults. In fact, genes that are
activated in response to stimuli, such as Bdnf (isoforms I and IV),
the IEGs Arc, Nrdal, and Npas4 and others activity-regulated
genes, were especially affected at the transcriptional level.

On the other hand, although we may have underestimated the
number of genes that show a positive correlation between histone
deacetylation and transcript downregulation due to the stringent
filters used in our screen, the majority of the genes with reduced
transcript levels in HD82Q samples did not exhibit significant
changes in the two investigated acetylation marks. Therefore, other
mechanisms, such as other post-translational modifications of his-
tone (Kim et al., 2008), aberrant DNA methylation (Nget al., 2013),
and altered TF activities (Yamanaka et al., 2008; Buckley et al., 2010;
Marcora and Kennedy, 2010; Ravache et al., 2010; Datta and Bhat-
tacharyya, 2011), should also contribute to transcriptional dysregu-
lation in HD. Because the compromised lysine acetyltransferase
activity observed in the brain of HD82Q mice may also affect non-
histone substrates (Dompierre et al., 2007), including TFs like
NEF-kB whose activity is regulated by acetylation (Zhanget al., 2010),
the histone deacetylation-independent transcriptional dysregula-
tion may still be deacetylation-dependent. Consistently with this
view, NF-kB binding sites were enriched in the promoters of both
downregulated and deacetylated genes.

In conclusion, the combination of ChIPseq and microarray
technologies supported the hypothesis that transcriptional and
epigenetic dysregulation, particularly aberrant acetylation of
neuronal chromatin, are early features of polyQ pathology. How-
ever, our results suggest that these are two largely independent
manifestations of the pathology. Our screen also identified a rel-
atively small subset of candidate genes that show potential as
progression biomarkers or therapeutic targets for this fatal neu-
rodegenerative disease. These results lead to new questions, such
as how the expression of mHtt drives deacetylation to specific
genomic regions and what causes the transcriptional deficits that
were not associated with histone deacetylation. Regardless of the
answers to those important questions, high-resolution descrip-
tion of the genomic topography of epigenetic and transcriptional
alterations appears to be an essential requirement for a better
understanding of the etiology of polyQ diseases and for the de-
velopment of effective therapies aimed at correcting the deficits.

Notes

Supplemental material for this article is available at http://in.umh.
es/IP/Barco-lab-DataSets.html. Access to: Tables that present the results
of microarrays and ChIPseq differential screenings. This material has not
been peer reviewed.
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Results

4.2 Deacetylation of histone H3 in Huntington’s disease is locus-specific

In this chapter of Results, we extend our research on histone deacetylation in the
mouse model of poly-Q disease known as N171-82Q (aka HD82Q) (section 4.1) to
other common models of HD. We also extend the analysis of altered histone PTMs to

other epigenetic marks, primarily the trimethylation of histone H3 at K4.

4.2.1 Bulk histone acetylation levels are preserved in different animal models of HD
We have recently reported that the HD82Q strain does not show, even in advanced
stages of the pathology, a net reduction of the global levels of histone acetylation in
different brain areas, including those that show stronger mHtt expression, the
hippocampus and the cerebellum (Valor et al., 2013a). To test whether this
observation can be extended to other animal models or if it is, by contrast, a
particular feature of the HD82Q strain, bulk histone acetylation levels were examined
in other HD models that have different pattern of expression of mHtt and length of
CAG repeats and that differ in the onset and progression rate of the pathology.

As in the case of HD82Q, the well-characterized HD murine model R6/1
shows early onset and rapid progression of the disease. Due to the use of the human
HTT promoter (Fig. 12A), the transgene was ubiquitously expressed throughout the
mouse brain, including the striatum, cortex, hippocampus and cerebellum (Fig. 12B).
Mutant mice showed early motor and cognitive deficits (Fig. 12C-G). Consistent with
these behavioral deficits, RT-qPCR assays revealed deregulation of several
important neuronal genes identified in our previous study in HD82Q mice as part of
the gene signature associated with polyQ disease (Valor et al., 2013a) (Fig. 12H).
However, immunohistochemistry analyses revealed no apparent histone
deacetylation in the brain of R6/1 mice (Fig. 12I-J), a finding that was further

confirmed by Western blotting assays (not shown).
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Results

Figure 12. R6/1 mice show motor, cognitive and transcriptional deficits but preserved bulk
histone acetylation levels. A. Scheme of the HD transgene expressed in R6/1 strain. Mutant mice
express exon 1 of the human Htt gene with 115 CAG repeats under the control of the human HTT
promoter. B. mHTT expression in the R6/1 brain. A strong immunoreactivity was detected in all the
brain areas tested in transgenic mice but absent in the wild-type littermates. Scale bar, 100 ym. C-G.
Motor and spontaneous activity analysis of R6/1 mice and wild-type littermates: 16- and 20-weeks-old
mutant animals exhibited chorea and feet clasping (C), and showed reduced latency in an accelerated
speed rotarod task (D) and reduced the grip strength (E). In addition, 20-weeks-old R6/1 mice traveled
less distance and moved slower than control littermate mice in an open field (F). n = 13 (wt), n = 16
(R6/1). G. Cognitive impairment in 12-weeks-old R6/1 mice prior to an overt motor phenotype, as
revealed in the contextual fear conditioning paradigm as a deficit to remember the association
between the chamber and the shock. Pre, pre-shock; post, post-shock. n = 6 (wt), n =9 (R6/1). H. RT-
gPCR assays in 20-weeks-old samples of selected transcripts, based in published data (Valor et al.,
2013a): proenkephalin (Penk), polo-like kinase 5 (Plk5), Ras and Rab interactor 1 (Rin1), and inositol
trisphosphate 3-kinase A (lptka). n = 7 (wt), n = 5 (R6/1). I. Representative immunohistochemistry
images of different brain areas from 25-week-old R6/1 and wild-type littermate mice using an antibody
against H3K9/14ac. Scale bar, 100 um. J. Quantification of immunohistochemistry assays of the four-
nucleosome histones: acetylated lysines 5 and 9 of histone H2A (H2Aac), acetylated lysines 5, 12, 15
and 20 of histone H2B (H2Bac), acetylated lysines 9 and 14 of histone H3 (H3ac) and acetylated
lysines 5, 8, 12 and 16 of histone H4 (H4ac). n = 5 (wt), n = 3 (R6/1). DG, dentate gyrus; Hpc,
hippocampus; striatum, Str; Ctx, cortex; Gr, granular layer; Mol, molecular layer; Cb, cerebellum. Data
are presented as mean = s.e.m. *, p < 0.05 (Student’s t-test); +, p < 0.05 (genotype effect, 2-way
ANOVA).

We next investigated YAC128 mice, in which a mutant version of full length
HTT is encoded in a yeast artificial chromosome (YAC) (Fig. 13A). In these animals,
polyQ pathology is less aggressive (Slow et al., 2003) and shows a slower
progression compared to HD82Q and R6/1 models. Both behavioral (Fig. 13B-C)
and transcriptional (Fig. 13D) deficits were less prominent in YAC128 mice.
However, like for the other two models, the brain of YAC128 mice did not exhibit sign
of bulk histone hypoacetylation at time points in which transcriptional dysregulation
and pathological behavior had become significant (Fig. 13E-F).

To gain more precision in our analyses of the impact of mHTT expression in
neuronal histone acetylation levels, we used in utero electroporation technique. This
approach allows the examination of global histone acetylation levels in a cell-by-cell
analysis by quantifying acetylation in GFP positive (mHTT-expressing) cells in a non-
expressing tissue background. For this purpose, the striata of wild-type embryos
were monolaterally electroporated with constructs that express trackable transgenes
encoding the N-terminus of the human HTT fused to EGFP and bearing either 128
(mHTT) or 15 CAG repeats (control) (Fig. 14A). Mice overexpressing the
pathological version in the striatum (Fig. 14B) showed increased feet clasping

behavior (Fig. 14C). Again, we found that the acetylation levels for the four core
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histones remained unaltered in cells expressing the aberrantly expanded polyQ
fragment (Fig. 14D-E).
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Figure 13. YAC128 mice also show HD molecular and phenotypic traits but preserved bulk
histone acetylation levels. A. Squeme of the transgene expressed in YAC128 strain. Mutant mice
express a full-length human HTT gene with 128 CAG repeats under the control of the human HTT
promoter. B-C. Eight-months-old transgenic animals showed reduced latency in an accelerated speed
rotarod task (B) and reduced grip strength (C). n = 11 (wt), n = 12 (YAC128). D. RT-qPCR assays of
the same selected transcripts in Fig. 1. n = 4 (wt), n = 5 (YAC128). E. Representative
immunohistochemistry images of different brain areas from early symptomatic (8-months-old) YAC128
and wild-type littermate mice using an antibody against H3K9/14ac. Scale bar, 100 pm. F.
Quantification of immunohistochemistry assays of the four-nucleosome histones: H2Aac, H2Bac,
H3ac and H4ac. n = 4 for each genotype. DG, dentate gyrus; Hpc, hippocampus; Str, striatum; Str;
Low, lower cortical layers; Up, upper cortical layers; Ctx, cortex; Cb, cerebellum. Data are presented
as mean = s.e.m. *, p < 0.05 (Student’s t-test); +, p < 0.05 (genotype effect, 2-way ANOVA).
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Figure 14. mHTT-electroprated mice show preserved bulk histone acetylation levels. A. Squeme
of the constructs used in the in utero electroporation, containing two different expansions of the CAG
stretch: 15 and 128 repeats. The expression of mHTT is under the control of the cytomegalovirus early
enhancer/p-actin (CAG) promoter. The pCAG-GFP did not contain the HTT fragment. B. Coronal
section from mHTT-electroporated striatum of an adult mouse. Scale bar, 500 ym. C. Percentage of
20-week-old mice showing feet clasping during 1 min tail suspension test. n = 7 (p)CAG-GFP), n =5
(pCAG-15Q), n = 4 (pCAG-128Q). D. Representative immunohistochemistry images of electroporated
striatum with the GFP-HTT and GFP-alone constructs in 16-week-old mice using an antibody against
H3K9/14ac. Note that fusion of the GFP upstream to the HTT sequence did not result in the formation
of aggregates in the polyQ-expanded version, as already described (Choi et al., 2012). Scale bar, 500
pum. E. Quantification of the four-nucleosome acetylated histones in the cells expressing either mHTT
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(pCAG-GFP-128Q), control HTT (pCAG-GFP-15Q) and GFP-alone (pCAG-GFP). n = 7 (pCAG-GFP),
n =5 (pCAG-15Q), n = 4 (pCAG-128Q). Data are presented as mean = s.e.m.

4.2.2 Bulk histone acetylation levels are also preserved in cellular models of HD

The first studies showing a global reduction of histone acetylation were conducted in
cellular preparations (Steffan et al., 2001; Igarashi et al., 2003). Due to the
homogeneity and relative simplicity of in vitro models, we thought that changes in the
levels of histone acetylation might be more easily observable in cellular models. To
test this idea, primary neuronal cultures were infected with lentiviruses expressing
different variants of N-terminal HTT fragments, bearing 15 CAG repeats (WtHTT) or
128 repeats (mHTT), and differing in the length of the 3’-end of the HTT sequence
(Fig. 15A). The longest mHTT fragment produced perinuclear aggregates
(“cytoplasmic” or cyt) whereas the shortest version was able to enter into the nucleus
and form intranuclear aggregates (“nuclear” or nuc) (Fig. 15B). This result suggests
that the differential segment between both constructs may contain a nuclear
exclusion signal that is present in the longest mHtt version. Independently on the
subcellular compartmentalization of soluble and aggregative-prone mHTT, the
expression of neither variant had an overall impact on histone acetylation levels,
indicating that accumulation of mHtt into the nucleus is not sufficient to produce a
global alteration in histone acetylation (Fig. 15C-D). There results were also
validated in Western blots (not shown).

The same biochemical analysis was extended to a well-established cellular
model of HD: stably transfected PC12 cell lines that express in an inducible manner
either a control (PC12-TetOn-HD23Q) or mutant (PC12-TetOn-HD72Q) N-terminus
of the human HTT fused to GFP (Fig. 16A) (Wyttenbach et al., 2001). In these cells,
treatment with doxycycline rapidly induced transgene expression (Fig. 16B).
Whereas the fluorescent signal remained stable in the control cells, a decay of the
signal was observed in the HD72Q cell line, probably due to toxicity-induced cell loss:
cell counting after 7DIV revealed a reduction of 7.9 + 1.6% and 23.5 + 4.9% in
HD23Q and HD72Q cell lines, respectively. This cell loss was more evident
thereafter (Fig. 16B 14d images). Despite these changes, no net difference in bulk
histone acetylation levels was observed between the two cell lines (Fig. 16C-D). Of
note, both cell lines exhibited fluctuant levels of acetylated and total histones in

cultured cells over time (Fig. 16C-D), This observation highlights the importance of
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normalization procedures to properly estimate the net fraction of acetylated histones
and illustrates how histone dynamics can act as a confounding factor in

quantifications.
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Figure 15. mHTT-infected neurons show preserved bulk histone acetylation levels. A.
Schematic summary of the lentiviral vectors used to express variants of N-terminal fragments of the
human HTT, with different number of repeats (15 for pSyn-wt HTT-GFP or 128 for pSyn-mHTT-GFP)
and different length of the HTT sequence, denoted as Nuclear (nuc) or Cytoplasmic (cyt), depending
on the predominant subcellular location of the mHTT aggregates. In the three constructs, HTT protein
is fused upstream to GFP under the synapsin promoter. B. Representative image of cultured
hippocampal neurons infected with the different viruses. Meanwhile pSyn-nuc mHTT-GFP can enter
into the nucleus and form intranuclear aggregates, pSyn-cyt mHtt-GFP is retained in the cytoplasm
and constitutes perinuclear aggregates. Blue, DAPI staining. Scale bar, 30 ym. C. Quantification of the
four-nucleosome acetylated histones analyzed by immunocytochemistry (n = 6 wells for each
condition). D. Representative immunocytochemistry of lentiviral-infected neurons (10DIV/6DINF) using
anti-GFP and H3K9/14ac antibodies. White arrows indicate the insoluble aggregates. Scale bar, 100
pm.
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Figure 16. Stably HTT-expressing PC12 cells show preserved bulk histone acetylation levels. A.
Squeme of the constructs that are integrated in rat phaeochromocytoma (PC12) cells to express GFP-
tagged exon 1 of the Htt gene with either 23 or 72 CAG repeats (PC12-TetOn-HD23Q and HD72Q,
respectively) in an inducible manner thanks to a doxycycline (dox)-dependent TetO operator and the
minimal CMV promoter. B. Immunofluorescence superimposed to contrast phase of PC12 cells stably
transfected with either HD23Q or HD74Q constructs. Cells were first grown in the absence of dox (No
dox) and then 1 ug/ul of the compound was added to the medium for 2, 7, 17 days (Dox). C. Western
blot of total cell extracts obtained from HD23Q and HD72Q transfected PC12 cell lines against the
pan-acetylated histones H2B and H3 and their corresponding total histones. D. Quantification of the
Western blots, expressed as fold change: acetylated histone fraction (upper), total histone (middle)
and normalized acetylated fraction / total histone (lower). n = 4 for each condition. Data are presented
as mean = s.e.m. *, p < 0.05 (Student’s t-test) between 23Q and 72Q; #, p < 0.05 (Student’s t-test)
related to “No dox” condition. n.s., not significant.
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4.2.3 Other epigenetic marks are unaffected at the bulk level in polyQ pathology

Seeking other epigenetic marks that could show a better correlation with the
transcriptional deficits associated with HD, we investigated the following histone
PTMs: i) individual acetylable residues in histone H2B (K5, K12, K15 and K20) to
explore the possibility that deficits on specific lysines could be masked by non-altered
residues in the analysis of the pan-acetylated form of the histone, and ii)
modifications of the histone tails defined as repressive marks: H3K9me2/3,
H3K27me3 and the ubiquitylated histone H2A (H2Aub). To accelerate this screen, a
series of Western blotting assays were conducted in our best characterized model of
polyQ pathology, the hippocampus of late symptomatic HD82Q mice (Valor et al.,
2013a). As shown in Fig. 17, all the explored marks were unaffected by mHTT

expression.
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Figure 17. Other bulk histone modifications are also preserved in HD hippocampus. Screening
of histone post-translational modifications in Western blot analysis of hippocampal extracts from 20-
weeks-old HD82Q and wild-type littermates: specific acetylation of lysines 5, 12, 15 and 20 of histone
H2B (H2BK5ac, H2BK12ac, H2BK15ac, H2BK20ac), methylation of lysines 9 and 27 of histone H3
(H3K9m2/3, H3K27m3) and ubiquitylation of histone H2A (H2Aub). A. Representative blots. B.
Quantification of the blots as normalized fold change (acetylated histone fraction / total histone). n =4
for wt, n =7 for HD82Q.

4.2.4 Histone H3 acetylation is perturbed at specific neuronal loci

The exhaustive study of several animal and cell models confirmed the early
conclusion that mHtt expression does not affect histone acetylation changes in bulk
chromatin (Valor et al., 2013a). However, the genomic screen conducted in HD82Q
mice revealed a significant, although moderate, correlation between H3 deacetylation
in the TSS region and transcriptional dysregulation (Valor et al., 2013a). This
correlation was more prominent in a relatively small subset of genes with a potential
relevant role in this pathology, as they are prone to be altered in caudate nuclei from
patients (Valor et al., 2013a). To determine whether these local changes were also
found in another HD model, we performed a series of chromatin immunoprecitation
(ChlP) assays in the promoter of the transcriptionally deregulated genes: Penk, Plk5,
Rin1, ltpka, Igfbp5, Eomes and Fos (Fig. 18A-B and (Valor et al.,, 2013a)). In
corticostriatal and cerebellar samples of R6/1 mice, these assays confirmed the
occurrence of histone deacetylation events at specific regions in late symptomatic
mice (Fig. 18C-D), thus extending our former observations of local perturbations at
discrete loci to a different mouse HD model. In contrast, and supporting the
specificity of the reported deficits, the housekeeping gene Gapdh, which had the
same expression level than in controls, was unaffected.

Intriguingly, the immediate early gene Fos displayed a transcript change that
was specific for the HD model: whereas in HD82Q it was downregulated (Valor et al.,
2013), no significant alteration was detected in the R6/1 cerebellum (Fig. 18B). In
any case, histone H3 deacetylation occurred at the promoter level in both models
(Valor et al., 2013; Fig. 18D). Another example was found in the case of Igfbp5, a
gene which expression is consistently affected in different brain areas (cortex,
striatum and cerebellum in Fig. 18A-B) but not in the HD82Q hippocampus (Fig. 18E
and (Valor et al., 2013a)). This observation led us to examined the subset of genes
with differential H3K9/14ac occupancy at their TSSs in the hippocampus of early

symptomatic HD82Q mice, as defined in our previous work (Valor et al., 2013a), for
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transcript changes in other HD gene expression profiles. Pair-wise comparisons with
gene expression datasets from different brain areas and HD models revealed
statistically significant overlaps (P < 0.05, Fisher’s exact test) with the hippocampal
genes containing acetylation deficits, not only with HD82Q hippocampus but also for
HD82Q cerebellum (Valor et al., 2013a), and both cortex and striatum of R6/2 mice
(Vashishtha et al., 2013). Expectedly, most of these overlapping genes were also
differentially expressed in the HD82Q hippocampus, confirming our previous
definition of HD signature (Valor et al., 2013a). However, other genes that were not
transcriptionally dysregulated in this tissue, but altered elsewhere, displayed altered
hippocampal histone acetylation (at least 49 genes, Fig. 18F), suggesting that
additional factors may converge to produce a final outcome of altered transcription. In
fact, Camk1g and Rasl11b were eventually downregulated in the hippocampus in
later stages of the pathology (Fig. 18G), indicating that they were susceptible to be
altered at the gene expression level. However, disease progression was not sufficient
for all the genes, as exemplified by Igfbp5 (Fig. 18E), Pde2a and Neu2 (not shown),
and tissular and/or model-specific factors may account for effective transcriptional

dysregulation.
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Figure 18. Histone H3 deacetylation is altered at specific neuronal loci. ChIP assays using an
antibody against H3K9/14ac followed by qPCR of TSS of transcriptionally deregulated genes in HD in
either corticostriatal (A, C) and cerebellar (B, D) samples of R6/1 mice, togethter with gliceraldehyde
3-phospahte dehydrogenase (Gapdh) as a control (C, D). n = 5 in corticostriatum and n = 3 in
cerebellum for each genotype. E. qPCR assays of transcript (MRNA) and TSS-associated H3ac (H3ac
TSS) of the insulin-like growth factor binding protein 5 (Igfbp5). F. Venn diagram of differentially
acetylated H3ac in HD82Q hippocampus, including those that were also transcriptionally dysregulated
in the same tissue and model, and in any of the following gene expression datasets: 10-week-old
HD82Q cerebellum, 12-week-old R6/1 cortex and 12-week-old R6/1 striatum. Differentially changing
genes were those according to the original publications (Valor et al., 2013a, Vashishtha et al., 2013).
G. RT-PCR assays in early (10 weeks old) and late (20 weeks old) symptomatic hippocampal HD82Q
for calcium/calmodulin-dependent protein kinase IG (Camk1g) and Ras-like family 11 member B
(Rasl11b), accompanied by their associated genomic H3 acetylation profiles. n = 5 for each genotype
(10 weeks old), n = 6 for wt and n = 8 for HD82Q (20 weeks old). Data are presented as mean =
s.e.m. *, p < 0.05 (Student’s t-test).

4.2.5 Deficits in acetylation and trimethylation of histone H3 concur at relevant
neuronal loci

Finally, we examined the pattern of H4K4me3 occupancy, another mark associated
with H3ac (Lopez-Atalaya et al., 2013), to explore the putative concurrence of deficits
for several epigenetic marks in HD. ChIP-gPCR assays were performed in the
HD82Q cerebellum, a brain area showing high expression of mHtt in these
transgenic mice and with a prominent role in juvenile manifestations of HD (Seneca
et al., 2004; Nicolas et al., 2011) and other polyQ disorders (Orr and Zoghbi, 2007).
In addition, the high amount of cerebellar chromatin allowed parallel IPs for multiple
histone PTMs in the same samples. Thus, downregulated genes such as Fos, PIk5,
Eomes and Igfbp5 were concomitantly hypoacetylated and hypomethylated at their
proximal promoter in cerebellar chromatin (Fig. 19), whereas the gene encoding the
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GABA receptor subunit Gabrd only showed acetylation deficits. Overall, these results
extend the previous finding of local perturbations of histone H3 acetylation in polyQ
pathology (Valor et al., 2013a) to trimethylation of histone H3K4.
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Figure 19. Promoters with H3 deacetylation can be also demethylated at histone H3 lysine 4.
ChIP assays followed by gPCR of selected TSS in the cerebellum of HD82Q for PIk5, Igfbp5, FBJ
murine osteosarcoma viral oncogene homolog (Fos), eomesodermin (Eomes), gamma-aminobutyric
acid A receptor delta (Gabrd), and myristoylated alanine-rich protein kinase C substrate (Marcks).
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Promoter regions of Gapdh and hemoglobin Z, beta-like embryonic chain (HBb-h1) were used as
controls. Classification of non-changing, downregulated and upregulated genes in expression is made
according to our published results (Valor et al.,, 2013a). n = 3 (ChIP) for each condition. Data are
presented as mean = s.e.m. *, p < 0.05 (Student’s t-test).

4.2.6 Discussion: H3 deacetylation and demethylation in HD

In this work we present a comprehensive analysis of bulk histone acetylation in
several experimental models of HD. Western blot, immunohistochemistry and
immunocytochemistry experiments in diverse animal (N171-82Q, R6/1, YAC128 and
striatal-electroporated mice) and cellular (primary neuronal cultures and stably
transfected PC12 cells) models of HD demonstrate that the expression of mutant Htt
variants is not sufficient to produce a global effect in the acetylation of lysines at the
histone H3 and H4 tails, even in the presence of transcriptional dysregulation and
overt manifestations of a pathological phenotype. Our results are in conflict with
some previous experiment reporting bulk changes (Steffan et al., 2001; Ferrante et
al., 2003; Igarashi et al., 2003; Gardian et al., 2005; Stack et al., 2007; Chiu et al.,
2011; Lim et al., 2011; Giralt et al., 2012). Of note, few of those studies examined the
levels of total histone levels and instead used cytosolic proteins such as tubulin or
actin as the reference protein for normalization. In others, no quantification was
performed. Our experiment in mHTT-expressing PC12 cells exemplifies how histone
dynamics can produce misleading conclusions regarding acetylated histones levels.
Although this phenomenon has been observed as part of the culture progression,
such dynamics can be also a pathological consequence, as suggested by the
increase of histone levels in post-mortem brains from AD patients (Narayan et al.,
2015). Additional factors related with intrinsic properties of the HD models (e.g.,
interaction with genetic background, culturing conditions, overt degeneration) could
also explain the divergence between our results and other previous studies.

In any case, the simple examination of bulk histone PTMs changes does not
provide information about the impact of these epigenetic alterations in transcription.
The use of next-generation sequencing techniques has greatly expanded the
resolution of studies exploring the involvement of epigenetic alterations in
pathological gene expression. As recently reviewed by the authors (Valor and
Guiretti, 2014, Valor, 2015) there is still no conclusive evidence demonstrating a
general correlation between epigenetic and transcriptional dysregulation in HD.

Histone H3 deacetylation has been observed in specific genes that encode for
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proteins of particular relevance in neuronal functioning, and therefore may have a
significant contribution to the pathology. For example, Rin1 is a Ras effector protein
that positively regulates ephrin-related endocytosis (Deininger et al., 2008) and
negatively regulates conditioned fear memories (Dhaka et al., 2003; Bliss et al.,
2010); PIK5 is highly expressed in the brain and modulates the neurite outgrowth in
response to neurotrophic factors (de Carcer et al.,, 2011); Eomes (also known as
Tbr2) is a transcription factor that regulates morphogenesis and neurogenesis in the
developing central nervous system but whose role in adult brain remains obscure
(Fink et al., 2006; Mione et al., 2008; Kahoud et al., 2014); Igfbp5 is a component of
the insulin-like growth factor (IGF) pathway that antagonizes the action of IGF-1 in
the bidirectional regulation of apoptosis (Zhong et al., 2005; Gatchel et al., 2008;
Qiao et al., 2014); and Fos is an inducible transcription factor extensively used as a
marker for neuronal activation. In conclusion, local alteration affecting histone PTMs
may still have a profound impact in HD.

Much progress is still needed to understand the interplay between transcriptional
and epigenetic alterations in neurons both under physiological conditions (Lopez-
Atalaya and Barco, 2014) and in the context of polyQ diseases. In the absence of
general rules, we propose here three alternative, although not necessarily exclusive,
views: (i) Histone deacetylation and other forms of epigenetic dysregulation are a
consequence of the transcriptional deficits and it can be more considered as a
“passenger” event that does not contribute to the manifestation or progression of the
pathology. (ii) Transcriptional dysregulation is a consequence of convergent
epigenetic alterations (Valor, 2015). Thus, alteration of a single histone PTM cannot
by itself explain the altered gene expression patterns. In this regard, we found that
specific loci exhibited not only histone H3 hypoacetylation but also H3 demethylation
at lysine 4. Regular altered genes in HD, such as Igfbp5, Plk6 and Rin1, were not
only hypomethylated in our experiments but also in the striatum and cortex of the
R6/2 mice (Vashishtha et al., 2013) and the hippocampus of HD82Q mice (not
shown). (iii) Epigenetic dysregulation might correlate better with susceptibility to
transcriptional dysregulation than with effective change. According to this view,
histone deacetylation in HD may act as a priming event that marks genes prone to
change under appropriate conditions. Such conditions may be intrinsic to the affected
brain area, animal model, or phase in disease progression, as demonstrated by our

studies in the hippocampus of HD82Q mice. However, in the absence of a precise
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characterization of these factors it is difficult to ascribe a predictive value for these
epigenetic alterations.

Future studies investigating the profiles for other epigenetic marks and for
transcription factor occupancy may distinguish between these possibilities and unveil
stronger correlations and provide additional cues about the elusive relationship

between epigenetic and transcriptional dysregulation in HD.
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4.3 CBP deficiency and impaired lysine acetylation in neural-derived cells
cause perinatal death and severe neuronal growth defects in primary

hippocampal cultures

As indicated in the Introduction, a number of studies have demonstrated that
neuropathology is often associated with reduced levels of histone acetylation in
neurons. This is especially true in the case of RSTS, which is caused by mutations in
KAT encoding genes in more than 65% of the patients (Valor et al., 2013b).

4.3.1 Characterization of Nes-cre::CBP" mice

We generated mice lacking CBP in neural-derived cells through the crossing of CBP
floxed mice (CBP™) with transgenic mice that express the cre recombinase under the
control of the nestin promoter and the CBP floxed allele in heterozygosity (Nestin-
cre::CBP" mice). In this line the nestin promoter drives cre-mediated recombination
in the neural linaje. The characterization of these mice can importantly improve our
understanding of the role of CBP during prenatal development period in the nervous
system (Lopez-Atalaya et al., 2014) (Fig. 20A).

Firstly, we characterized the genotypic distribution of the progeny and, as
expected, the mouse line followed a Mendelian distribution. The expected ratio in the
nestin conditional KO Nes-cre::CBP" line was approximately 25:25:25:25 nestin-
cre::CBP" nestin-cre::CBP*", no cre::CBP"™ and no cre:CBP” (the last two
genotypes correspond to control conditions) (Fig. 20B), indicating that CBP ablation
was not lethal during development. However, the newborn homozygotes became
cyanotic and died minutes after birth (Fig 20C), probably due to respiration failure

(under investigation).
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Figure 20. General characterization of Nes-cre::CBP" mouse line. A. Squeme of the crossing of
CBP™ mice with Nestin-cre *~ / CBP" mice. B. Genotypic distribution of the progeny. C. Picture

showing the perinatal lethality in homozygous mice. D. Representative images showing the CBP
expression in each condition. Scale bar, 500 ym.

Newborn animals did not show changes in the gross morphology of the brain
in MR images (Fig 21B-C). However, the 3D reconstruction of MR images revealed
that although despite the total volume of the brain was similar for all the genotypes,
the hippocampus was significantly smaller in homozygous when compared with
heterozygous and the control group (Fig. 22). The heterozygous embryos showed an

intermediate volume.
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Figure 21. MRI images from sagital head and coronal head. Representative MRI images showing
the sagital head (A) and coronal head in (B) of control, heterozygous (Het) and homozygous (Hom)
Nes-cre::CBP" mice at PO stage. Scale bar, 1000 pm.
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Figure 22. Three-dimensional reconstruction of MR images. Detailed views from sagital and
coronal head illustrating the three-dimensional reconstruction of the brain volume (A) and
hippocampal volume (B). Quantification is showed at the bottom panels. Data is represented as the
mean + SEM. Student’s f test (p < 0.05). Scale bar, 1mm (A), 500 um (B).

4.3.2 Severe neuronal growth defects of primary cultures from Nes-cre::CBP" mice

Next, we investigated whether the neurons from Nes-cre::CBP™ mice can survive in
vitro. We dissected the hippocampus from embryos with the different genotypes and
we counted the number of neurons after dissociation of the tissue. This quantification
did not reveal statistical differences between control and heterozygous mice,
although there was a trend toward a lower number of cells in the homozygous
embryos (Fig. 23A), in agreement with the atrophy observed in the MRI volumetry
analysis. Ten days after plating equal number of cells for each condition, we
performed a double staining of the cultures with the neuronal marker NeuN and the
astrocyte marker GFAP (Fig. 23B). We observed that the number of neurons was
significantly reduced in the cultures from homozygous embryos while small
differences were observed between controls and heterozygous cultures. In contrast,

the expression pattern of astrocytes was similar for the three conditions.
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B

Control

Figure 23. NeuN and GFAP staining in Nes-cre::CBP™. A. Quantification of hippocampal cells from

Nes-cre::CBP" embryos at E17.5 stage before the plating (1DIV). Comparison between control and
homozygous conditions results statistically significant, p = 0.06 (Student’s t-test). B. Hippocampal cells
were stained for NeuN (red) and GFAP (green) (10DIV). Scale bar, 100 um.

Consistent with the ablation of CBP protein in brain slices at PO stage (Fig.
20D), the analysis of histone acetylation levels (H2Aac, H2Bac, H3ac and H4ac) in
hippocampal cultures revealed a significant reduction for the four pan-acetylated
histones (Fig. 24).
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Figure 24. Nes-cre::CBP" mice show acetylation deficits in the four-nucleosome histones. A.
Hippocampal neurons were stained for H2Aac, H2Bac, H2ac and H4ac (culture time: day 10).
Magnification: 10x. Scale bar, 50 ym. B. Quantification of A. Data is represented as the mean + SEM.
Student’s t test (p < 0.05).

In addition, when we performed the staining against MAP2, a well-known
neuron-specific cytoskeletal protein, to evaluate neuronal morphology and integrity,
we found an abnormal staining in hippocampal neurons from homozygous embryos
compared to the control condition, indicating that the ablation of CBP affects the
ability of embryonic neurons to recover after tissue disaggregation and to growth a
new axon and dendritic tree (Fig. 25). The cultures from heterozygous embryos

showed a pattern for MAP2 similar to the control cultures (data no shown).
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Control

Figure 25. Nes-cre::CBP" mice show acetylation abnormal neuronal morphology.
Representative images of hippocampal neurons showing altered expression of MAP2 in the
homozygous condition (culture time: day 10). Magnification: 20x. Scale bar, 100 um. C: control, Hom:
homozygous.
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4.4 KAT-expressing viral vector as a potential therapeutic tool to reverse

neurological deficits associated with impaired lysine acetylation.

4.4.1 Generation and characterization of a KAT-expressing viral vector

The RSTS-related cellular model introduced in the previous chapter represents a
good system for investigating the therapeutic potential of overexpression KAT
activity. As already discussed, the uses of HDACi have been shown to ameliorate a
number of neurological conditions. However, these compounds are also able to
acetylate non-histone substrates, including cytoplasmic proteins (Choudhary et al.,
2009; Scholz et al., 2015), they do not discriminate among cell types and excessive
HDACI-induced hyperacetylation can provoke neuronal apoptosis (Boutillier et al.,
2003; Fujiki et al., 2013). To minimize adverse effects of HDACi and limit the
inespecificity of HDACi administration, we took advantage of genetic approaches.

To this aim, we generated a recombinant lentivirus that expresses the KAT
domain of the CBP protein under the synapsin promoter to selectively overexpress
KAT activity in neurons. The KAT domain was fused to GFP protein to allow the
tracking of transduced cells (Fig. 26). This construct will be referred to as pSyn-NLS-
KAT-GFP.

Syn prom
m_‘ P M \WpRE LTR
Syn prom
m—‘ HAT GFP WPRE LTR

Figure 26. KAT-LV tool design. Scheme of the recombinant lentiviral constructs expressing a fusion
protein of CBP’s KAT domain and GFP under the synapsin promoter (Syn prom) and its control above
without the KAT domain.

As a first step in the characterization of this genetic tool, we explored the
specificity of the pSyn-NLS-KAT-GFP in primary dissociated hippocampal cultures.
To this end, we checked the infection pattern of our pSyn-NLS-KAT-GFP vector. We
found that pSyn-NLS-KAT-GFP infected only neurons since the GFP signal only
colocalized with NeuN+ but not with GFAP+ cells (Fig. 27).
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Dapi/GFAP Dapi/NeuN NeuN/GFAP GFAP/GFP

NI

pSyn-NLS-GFP

pSyn-NLS-KAT-GFP

Figure 27. Selective infection of pSyn-NLS-KAT-GFP in neurons. Triple IC against NeuN (red),
GFAP (magenta) and GFP (green). Magnification: 20X. Scale bar, 25 ym. NI: non-infection.

In parallel, we assayed the viability of KAT-overexpressing neurons by
measuring LDH activity in the supernatant of cultured hippocampal neurons at
6DINF/10DIV, and we compared the results with the pharmacological treatment with
trichostatin A (TSA), an inhibitor of class | and Il HDACs (Finnin et al., 1999;
Johnstone, 2002), at different time points. We included different conditions: basal
(non-infection, NI), control lentiviral vector without the KAT domain (pSyn-NLS-GFP),
KAT-expressing vector (pSyn-NLS-KAT-GFP), TSA-treatment (0.2 and 2 uyM) and a
positive excitotoxic control (NMDA 100 pM). The timeline of the experiment is
outlined in Fig. 28A.
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Figure 28. Experimental design and timing for KAT-overexpression experiments (A). Neurons
were infected at 4DIV and LDH was measured at day 7 (5 h after TSA-treatment) (B) and day 10 (after
72 h of TSA-treatment) (C). NMDA was introduced 24h before the assay. PC: Plating of the culture.
Data are represented as the mean + SEM. Student’s t test (p < 0.05). # and §, denote statistically
significant values when compared with all others conditions. NI: non-infection.

Whereas 5 h of 2 yM TSA treatment did not show a significant difference with

the non-infected/non-treated control, 72 h of treatment showed a robust increase in
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LDH activity, as indicator of excitotoxic cell death. However, 6DINF with pSyn-NLS-
KAT-GFP and 0.2 uM TSA treatment did not apparently produce deleterious effects
in hippocampal neurons (Fig. 29).

DaJ/MaIZ

pSyn-NLS-GFP

TSA0.2uM-72h

TSA2uM-72h

pSyn-NLS-KAT-GFP

Figure 29. Representative images of hippocampal neurons under different conditions. IC
against Map2 (magenta) and GFP (green). Magnification: 20X. Scale bar, 50 um. NI: non-infection.
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Next, we measured acetylation levels in all the conditions mentioned above.
We observed that TSA, as expected, increased H2Bac level at both concentrations
(0.2 and 2 pyM) in neuronal cells. However, the impact of TSA was also very strong in
glial cells when compared with basal condition (see quantifications in Fig. 30B-C).
These results demonstrate that TSA does not exert its function in a cell type-specific
manner. Remarkably, pSyn-NLS-KAT-GFP was able to increase the acetylation of
H2B precisely in those infected-neurons at comparable levels with the highest TSA

concentration (Fig. 30) in a completely innocuous manner (Fig. 28).
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Figure 30. pSyn-NLS-KAT-GFP induce hyperacetylation selectively in neurons. A. Increased
acetilated H2B level in pSyn-NLS-KAT-GFP infected neurons. Triple IC against GFAP (magenta),
H2Bac (red) and GFP (green). Magnification: 20X. Scale bar, 50 ym. B. Quantification of H2B
acetylation levels (intensity of H2Bac signal) in neurons (N) and glial cells (G) of the images showed in
A. C. Same data as in B representing the ratio between H2Bac neuron/H2Bac glia). Data are
represented as the mean £ SEM. Student’s t test (**** p< 0.00001). # and § denote statistically
significant values when compared with all others conditions. NI: non-infection; N: neuron; G: glia.

Notably, the expression of pSyn-NLS-KAT-GFP efficiently increases
acetylation levels of the four-nucleosome histones in neurons, as demonstrated by
additional IC and WB (Fig. 31A-C).
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Figure 31. A. pSyn-NLS-KAT-GFP increase acetylation of the four-nucleosome histones. IC
images of hippocampal neurons infected with pSyn-NLS-KAT-GFP. Magnification 20x. Scale bar, 25
pm. B. Quantification of A. NI: no-infection, &: pSyn-NLS-GFP, KAT: pSyn-NLS-KAT-GFP. Acetylated
histones: H2Aac, H2Bac, H3ac and H4ac. C. Representative Western blots of protein extracts from
lentiviral-infected hippocampal cultures against the pan-acetylated histones H2B (left panels) and H3
(right panels) and their corresponding total histones. Quantification was performed by normalizing
acetylated fraction / total histone from two different experiments.
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We also investigated whether other non-histone substrates of CBP were also
affected by the overexpression of KAT activity. In agreement with previous studies
that reported the acetylation of different TFs by CBP, we found that neuronal NF-«B,
which plays important roles in synaptic plasticity, learning and memory, and
neuroprotection (Chen et al.,, 2001; Zhang et al., 2010; Boersma et al., 2011;
Federman et al., 2013), and the tumor suppressor protein p53 (Gu and Roeder 1997,
Gaub et al.,, 2010) were hyperacetylated by pSyn-NLS-KAT-GFP (Fig. 32A-B). In
contrast, we did not observe an increase in the acetylation of a-tubulin, likely
because pSyn-NLS-KAT-GFP is directed to the nucleus and cannot reach this
cytoplasmatic protein. Albeit TSA increased the acetylation of a-tubulin since the
drug exerts its action in both the nuclear and cytoplasmic compartments (Fig. 32C).
These results demonstrate another level of specificity in comparison with TSA, since

the infection with pSyn-NLS-KAT-GFP lentivirus was restricted to the nucleus.
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Figure 32. pSyn-NLS-KAT-GFP increase the acetylation of NF-kB and p53 TFs. Representative
images of hippocampal cultures. Neurons were infected with pSyn-NLS-KAT-GFP LV, pSyn-NLS-GFP
LV as a negative control and TSA as a positive control for the detection of significant acetylation
changes in p65 subunit of NF-xB (K310) (A), in p53 (K373-382) (B) and in the a-tubulin (K40) (C).
Merge images shows the overlap between GFP and the signal of the acetylated proteins. Western blot
shows the difference in a-tubulin acetylation (right panel). &: pSyn-NLS-GFP; KAT: pSyn-NLS-KAT-
GFP. Ac, acetylated. Magnification 20x. Scale bar, 50 um.
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Encouraged by the previous results, we planned a pilot experiment to test in
vivo the acetylation induced by the KAT construct. To achieve this, we cloned the
KAT domain of CBP under the control of the ubiquitous CAG promoter.
Subsequently, E14 embryos were electroporated in utero with the CAG-NLS-KAT-
GFP plasmid. Just before birth we perfused the embryos and coronal brain sections
were stained against GFP and H2Bac. This staining demonstrated that transduced
neurons from embryos monolaterally electroporated at the cortex show histone
hyperacetylation (Fig. 33). These results indicate that KAT-overexpression occurs

specifically only in neurons both in vitro and in vivo.

pCAG-NLS-KAT-GFP

Figure 33. pCAG-NLS-KAT-GFP increase histone acetylation in an in vivo system. pCAG-NLS-
KAT-GFP in utero electroporation. The image shows a coronal section, in which cortical neurons has
increased acetylation of H2B (H2Bac). Magnification: 20x. Scale bar, 50 ym.
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4.4.2 KAT-overexpression causes an increase in the number of synaptic protrusions
in hippocampal neurons

Next, we asked whether enhancing KAT activity could affect the morphology of
infected neurons. We found that the hyperacetylation of histone and non-histone
substrates by pSyn-NLS-KAT-GFP correlated with an increase in the number of
filopodia like-spines in comparison with control-infected neurons (Fig. 34C). In
parallel, we also investigated the complexity of the dendritic tree (Fig. 34B) in pSyn-
NLS-KAT-GFP and control-infected neurons and found no difference between the
two groups in the Scholl analysis (Fig. 34D). Altogether, these data suggest that
pSyn-NLS-KAT-GFP induces spine protrusions in still immature neurons without

affecting global morphology.
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Figure 34. pSyn-NLS-KAT-GFP increase the number of filopodia like-spines. A. Representative
confocal images of pyramidal hippocampal neurons infected with pSyn-NLS-KAT-GFP and its control.
Magnification 40x. B. Representative draws of the neurons distinguishing different dendrites. Scale
bar, 20 um. C. Representative images showing an increased number of filopodia like-spines in
neurons infected with pSyn-NLS-KAT-GFP and its control. Magnification: 60x. Scale bar, 20 ym. D.
Sholl analysis (left panel), quantification of the length of different order dendritic branches by ImageJ
software (center panel) and quantification of the filopodia like-spines (right panel) by Imaris software.
&: pSyn-NLS-GFP; KAT: pSyn-NLS-KAT-GFP.

4.4.3 The genetic reversal of lysine acetylation deficits ameliorates the neuronal
growth defects

Based upon the pSyn-NLS-KAT-GFP capacity to hyperacetylate both histone and
non-histone substrates in cultured neurons, we tested whether the transduction of
KAT activity could restore the acetylation levels in CBP deficient neurons. To that
end, we infected 4DIV cultured hippocampal neurons of all genotypes with pSyn-
NLS-KAT-GFP and its control pSyn-NLS-GFP. After 6DINF/10DIV we performed a
triple labeling against H3ac (to measure acetylation levels), GFP (to track the
infection of the lentiviruses) and MAP2.

Remarkably, we observed a partial reversion of the abnormal MAP2 staining in
neural cultures from homozygous embryos with concomitant increased histone
acetylation in the neurons infected with pSyn-NLS-KAT-GFP (Fig. 35). This approach
effectively demonstrated the capability of our genetic tool to induce hyperacetylation

to restore the functional consequences of defective conditions of lysine acetylation.
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pSyn-NLS-GFP pSyn-NLS-KAT-GFP

Figure 35. pSyn-NLS-KAT-GFP can restore hypoacetylation and the altered MAP2 expression
pattern in Nes-cre::CBP" mice. Representative confocal images of hippocampal neurons infected
with pSyn-NLS-KAT-GFP and its control pSyn-NLS-GFP (culture time: day 10). Magnification: 40x.
Scale bar, 50 ym. C: control; Hom: homozygous.

4.4.4 Discussion: KAT-LV as a potential therapeutic tool in neuropathologies

It has been proposed that the cognitive and neurological deficits associated with
RSTS may have two distinct components: one originated during the development of
the CNS, and a second one resulting from the continued requirement of the
enzymatic activity of CBP throughout life (Alarcon et al., 2004; Korzus et al., 2004).
Nes-cre::CBP" mouse model represents an ideal system to investigate the role of

CBP during embryonic steps considering the early lethality phenotype observed in
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the CBP KO mice. We still do not know the cause of their perinatal death but, by
analogy with other models, we can hypothesize that is the result of a
cardiorespiration failure.

These mice showed, reduced hippocampal volume and abnormal MAP2
expression protein with concomitant hypoacetylation at the four-nucleosome histones
in primary hippocampal culture. To rescue the later deficit, we designed a novel tool
to increase acetylation that may offer important advantages over conventional
approaches like the ones represented by pharmacological treatment with HDACis
(see section 1.4).

The experiments wusing KAT-LV has demonstrated that selective
hyperacetylation in neurons does not cause neuronal toxicity per se, as
demonstrated by intact MAP2 pattern and LDH release. These results oppose to
those observed after long-treatment with 2 yM TSA (72 h), although both of them
produced the same levels of acetylation in neuronal cells. Several groups have
shown that aberrant histone acetylation can also have deleterious effects as shown
in several neuronal cell lines (Salminen et al., 1998; Smith et al., 2009a; Wang et al.,
2009a). Intriguingly, the opposite effect, hypoacetylation, does not necessarily cause
neuronal death (Chen et al., 2010; Valor et al., 2011). Comparing the neuron/glia
acetylation ratio (Fig. 30C) together with LDH values (Fig. 28B) from our KAT-LV
and long-treatment with 2 yM TSA (72 h), we can speculate that TSA can trigger cell
death through glial-dependent hyperacetylation. Importantly, long-treatment of 0.2
MM TSA (72 h) presented a similar LDH value than KAT-LV (Fig. 28B), however, it
showed significantly less acetylation in neurons with concomitant hyperacetylation in
glial cells respect to KAT-LV (Fig. 30B-C). In addition, KAT-LV was able to increase
the acetylation of the four- nucleosome histones as well as the acetylation of the TFs
NF-kB and p53 (direct substrates of CBP’s KAT activity) (Ito et al., 2001; Nadiminty
et al., 2006) confirming its nuclear activity. Overall, we have designed a tool that
increases lysine acetylation levels in a highly restricted pattern (nuclei of neurons) in
a safe manner.

Interestingly, KAT overexpression also augmented the number of filopodia
like-spines. We can speculate about two different events: KAT-LV could indirectly
regulate dendritic processes through the activity of TFs that are the direct targets of
KAT activity and/or KAT-LV could directly regulate the activity of proteins that shuffle

between the nucleus and spines where they may have a key local role. Thus it has
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been described for various proteins (e.g.: HDAC4, CtBP-1) (Darcy et al., 2010;
lvanova et al., 2015; Kravchick and Jordan, 2015) a switch in the location between
the nucleus and the dendritic spines. Therefore, several mechanisms might account
for the observed effect of KAT-LV regulating the formation of cytoplasmic filopodia
like-spines.

We used Nes-cre::CBP" to address the effect of KAT-LV on hippocampal
culture that showed hypoacetylation. Noticeably, we demonstrated the KAT-LV was
able to increase histone acetylation with concomitant partial reversion of the
abnormal staining of MAP2 in neurons in the homozygous condition. To reveal which
nuclear function is regulated by KAT-LV is an essential question that will need to be
addressed in the future in order to define the therapeutic potential of KAT-LV. In any
case, the results of our rescue experiment suggest that our tool represents a
promising approach for therapeutics of preclinical models of neuropathologies such
as RSTS, HD and AD among others.
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5.1 The relationship between histone acetylation and transcription: an open debate
From our analysis in HD mouse models, we can conclude that histone deacetylation
and transcriptional defects are early and, in general, not linked events (section 4.1.2
and 4.2.5) during the progression of the disease. Therefore, some additional
mechanisms apart from histone deacetylation should to be responsible for the
downstream transcriptional changes seen in HD. Different hypothesis can be
considered to explain this lack of interaction: (i) the combination of histone PTMs,
with well over one hundred distinct modification sites described in the literature, can
differentially contribute to specific changes in gene expression (Daujat et al., 2002;
Lee et al., 2010; Rando, 2012), it is possible that a particular increased acetylation
mark, not explored in our study shows a better correlation with changes in
transcription than the ones presented here. (ii) histone acetylation is a permissive
mark that plays an allosteric role regulating chromatin complexes but it is not directly
engaged in the recruitment of TFs or the RNApol complex, thereby the changes in
this mark has a weak impact on transcription (Lopez-Atalaya et al., 2013; Rando et
al., 2012). The later view is consistent with experiments in other models of HD (Valor,
2015) and with numerous studies in other species (Lenstra et al., 2011; Rando,
2012) that did not find a clear causal relationship between differential changes in
histone acetylation and changes in gene expression. Thus, the research conducted
in yeast, Drosophila and other organisms in which it is possible to specifically prevent
the acetylation of histones at specific positions indicates that the lack of acetylation
does not block or even interfere with transcription, unless that many lysines are
simultaneously affected (Lopez-Atalaya and Barco, 2014). Further progress in our
understanding of the role of epigenetic modifications in neuropathology will require a
clear distinction between cause and effect and between epigenetics-related
processes and classical transcriptional mechanisms.

Another important question refers to how HDACI treatment can ameliorate
symptomatology of HD and restore the expression of a small number of genes?
(Ferrante et al., 2003; Gardian et al., 2005; Stack et al., 2007). The precise
mechanism by which HDACi exert their effects has not been determined. It is
important to remark that acetylation regulates diverse protein classes. Lysine
acetylation preferentially targets large macromolecular complexes involved in
numerous functions, such as chromatin remodeling, cell cycle, splicing, nuclear

transport and actin nucleation (Choudhary et al., 2009). One might therefore consider
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that HDACi may exert their effects through acetylation of non-histone substrates,
including TFs. In addition, HDACis comprises a heterogeneous group of compounds
and it is possible that the beneficial effects of some HDACi in HD models are due to
mechanisms unrelated to HDAC activity. For instance, TSA and SAHA have a
hydroxamic acid group that has been involved in a neuroprotective effect
independent of their HDAC inhibition properties (Sleiman et al., 2014). Similarly,
valproate influences GABA transmission and NMDA-mediated excitotoxicity also by
HDAC-independent mechanisms (Zadori et al., 2009). On the other hand, HDACi
with higher specificity such as HDACi 4b corrected the expression of a high number
of genes in the R6/2 HD strain (Thomas et al., 2008), which ameliorates the disease
phenotype and transcriptional abnormalities. How this specific HDAC1/3 inhibitor can
promote such profound reversion compared to more unselective HDACis remains
unknown.

In this scenario, our KAT-LV, which induces hyperacetylation in a highly
specific manner (see Fig. 30 and section 4.4.4), may be a potential therapeutic tool
for HD, RSTS as well as for others neurodegenerative disorders associated with
reduced lysine acetylation levels. The KAT-LV represents an excellent tool to reverse

this situation and assess the consequences of this reversion in transcription.

5.2 Future perspectives
In the course of this thesis, | have introduced two important technologies for the
research of neurological diseases that have large potential for further development.
First, the use of next-generation sequencing (NGS) coupled with chromatin
immunoprecipitation (ChlP-seq) has allowed us to obtain unprecedented view of the
epigenome in poly-Q disease. In 2013, when our paper came out (Valor et al.,
2013a), we presented the first parallel genome-wide analysis of transcriptional and
histone acetylation deficits in a polyQ disease model. Our study, initially constrained
by the high cost of these genomic methods, was pioneer exploring the relationship
between acetylation and transcription applying genome-wide unbiased technology. In
the last few years, NGS platforms have undergone a fast-growing period and now
permit the possibility of including a large number of samples with a low cost, longer
read lengths, etc. Undoubtedly, NGS-based techniques are aimed to provide
fundamental biological insight into questions that were very hard to address a few

years ago. They have the potential to provide comprehensive maps of how
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nucleosome positioning, chromatin conformation, transcription factor binding, and the
localization of histone and DNA modifications are affected through the genome in
many still poorly understood brain pathologies, such as HD and RSTS (Dawson and
Kouzarides, 2012).

The second development refers to epigenetic editing techniques. Recent
developments based on CRISPRs/Cas9 technology now allow creating
programmable tools to edit the epigenome (Hilton et al., 2015). This represent an
important refinement over our seminal attend to correct epigenetic deficits using
KAT-LV for increasing lysine acetylation levels specifically in neurons. In the near
future, the coupling of the KAT domain with CRISPRs/dCas9 constructs will make
possible to manipulate epigenetic marks in order to control cell phenotype or
interrogate the connection between the epigenome and transcriptional regulation.
This outstanding type of technology is the one necessary to answer complex
questions related to the causal/consequential role of histone PTMs in transcription,
and the impact of directed lysine acetylation in the regulation of gene networks and

chromatin state dynamics.
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. Cerebellar and hippocampal tissues present the highest density of mHTT aggregates
in the brain of HD82Q mice, which positively correlates with the severity of

transcriptional dysregulation.

. Transcriptional deficits in HD82Q mice precede the onset of chorea and weight loss,
which suggests a possible role for these alterations in the etiology of these

symptoms.

. Hundreds of loci were hypoacetylated for H3K9/14 and H4K12 in the chromatin of
HD82Q mice.

. Transcriptional and histone acetylation defects in HD82Q mice show low global

correlation.

. Histone deacetylation and transcriptional dysregulation appear to be two early, but
largely independent manifestations of polyglutamine disease, suggesting that
additional epigenetic marks or mechanisms are required for explaining the full range

of transcriptional alterations associated with this disorder.

. Genes showing both altered gene expression and TSS-associated H3 acetylation
were part of a consistent HD transcriptional signature in different HD models and in

postmortem brain patients.

. Histone H3 acetylation, is perturbed at specific loci both HD82Q and R6/1 mice,

relevant for neuronal functioning.

. The generation of Nes-cre:CBP"™ mice is a valuable line to improve the
understanding of the role of CBP during prenatal development period in the nervous

system.

. Nes-cre::CBP" mice do not show changes in the gross morphology of the brain

between genotypes, but present a significant reduction in hippocampus volume.
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10. Primary hippocampal cultures derived from Nes-cre::CBP" homozygous embryos
present severe neuronal growth defects, hipoacetylation for the four-nucleosome

histones and abnormal staining for MAP2 protein.

11. The overexpression of the KAT activity of CBP do not shows toxic effects in
neurons, increases the acetylation of both the histone tails and TFs such as NF-xB
and p53, and increase the number of filopodia like-spines in primary hippocampal

culture.

12.The overexpression of the KAT activity of CBP rescues the acetylation defect and
abnormal growth in primary hippocampal culture from Nes-cre::CBP" homozygous

embryos.
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Huntington’s disease (HD) can be considered the paradigm of epigenetic dysregulation in neurodegen-
erative disorders. In this review, we attempted to compile the evidence that indicates, on the one hand,
that several epigenetic marks (histone acetylation, methylation, ubiquitylation, phosphorylation and
DNA modifications) are altered in multiple models and in postmortem patient samples, and on the other
hand, that pharmacological treatments aimed to reverse such alterations have beneficial effects on HD
phenotypic and biochemical traits. However, the working hypotheses regarding the biological signifi-
cance of epigenetic dysregulation in this disease and the mechanisms of action of the tested ameliorative
strategies need to be refined. Understanding the complexity of the epigenetics in HD will provide useful
insights to examine the role of epigenetic dysregulation in other neuropathologies, such as Alzheimer’s

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The relevance of epigenetics in human disease has been
extended from the field of cancer research to several diverse con-
ditions, including a vast variety of neuropathologies, as reviewed in
articles of this Special Issue and elsewhere (Day and Sweatt, 2012;
Jakovcevski and Akbarian, 2012). Huntington’s disease (HD) is the
most common polyglutamine (polyQ) disorder and has emerged as
a prototypical paradigm of epigenetic dysregulation in a neurode-
generative condition. Pioneering work in HD and other polyQ dis-
orders at the beginning of the last decade suggested a relevant role
of epigenetics in neuronal malfunction and cell loss, and proposed
for the first time a corrective strategy based on epigenetics in
neurodegeneration. These seminal results were soon translated to
more common neurodegenerative disorders like Alzheimer’s dis-
ease, leading to the general hypothesis of epigenetic imbalance as
an important feature in neurodegeneration. Nonetheless, our
knowledge of the primary cause of HD makes the proposal of
general principles more feasible compared to other pathologies of
uncertain origin.

HD is inherited in a fully penetrant, autosomal-dominant
manner, with a prevalence of 5—10 cases per 100,000 worldwide
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(Bates et al., 2004). Onset commonly occurs around the 30s and 40s,
although juvenile cases have been documented. Classical HD is
characterized by personality changes, weight loss, cognitive disor-
ders and motor impairment, including the hallmark feature of
chorea (involuntary jerky movements of the face and limbs), and
gait abnormalities. The disease lasts 15 years on average, until the
death of the patient. Currently, HD has no effective therapy. A
prominent morphological feature is a marked degeneration in me-
dium spiny GABAergic neurons of the striatum, although several
neuronal types and brain areas become more affected as its pa-
thology progresses (Bates et al., 2004). In all cases, HD is caused by
an aberrant expansion of the trinucleotide sequence CAG (>36)in a
polymorphic region encoding a polyQ stretch located in the N-ter-
minus of the huntingtin (Htt) protein (see Fig. 1 for a scheme of the
primary sequence). This mutation causes two types of effects
(Zuccato et al.,, 2010): 1) depletion of the normal Htt, which plays
roles in endocytosis and vesicle trafficking, among others, and this
can compromise its prosurvival and synaptic functions; and 2)
the formation of a misfolded mutant Htt (mHtt) that can affect
the activities of several components of multiple cellular processes.
mHtt is cleaved and forms intracellular aggregates in the cell nu-
cleus, cytoplasm, neurites and terminals, which constitutes a uni-
versal hallmark of HD despite the controversial role of these
aggregates in the pathogenesis of the disease. Whether soluble or
aggregated, aberrant interaction of mHtt with transcription factors
and chromatin-remodeling proteins is the primary basis of the
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Fig. 1. Scheme of the human huntingtin. Polyglutamine (Q) and polyproline (P) tracts are indicated, in addition to the polymorphic range of CAG repeats found in human population.
Cleavage sites and post-translational modifications are also shown, together with the residue number: Ub/SUMO, ubiquitylation/SUMOylation; yellow square, acetylation; pink oval,
phosphorylation; red and brown triangles, calpain and caspase cleavage sites, respectively. Nt and Ct, amino- and carboxy-termini, respectively.

prominent transcriptional dysregulation observed in several HD
models and in patients, which can occur in presymptomatic stages
and in peripheral samples (Cha, 2007; Seredenina and Luthi-Carter,
2012).

Epigenetic mechanisms can be classified into DNA modifications
(methylation and hydroxymethylation), post-translational histone
modifications (acetylation, methylation, phosphorylation, ubiq-
uitylation, SUMOylation, ADP ribosylation, etc.) and exchange of
histone variants (e.g., H1, H3.3, H2A.Z, H2A.X). More recently,
certain non-coding RNA species have been considered as part of
epigenetics as they can influence the chromatin (Kanduri, 2011). In
the following sections, we will review the epigenetic alterations
that have been documented for more than 10 years in both cellular
and animal HD models (see Zuccato et al., 2010 for a description of
HD models), together with tantalizing findings in postmortem
human samples, and the examined upstream mechanisms that may
lead to such alterations (Fig. 2). Next, we will summarize the
ameliorative strategies that reverse epigenetic dysregulation and
their accompanying beneficial effects at the behavioral and mo-
lecular levels. Finally, we will discuss the biological significance of
these outcomes, as recent evidence challenges the classical view of
the roles of epigenetics in regulating gene expression and in HD
amelioration.

Gene repression

2. Altered epigenetics in Huntington’s disease
2.1. Histone acetylation

Histone acetylation is the most studied epigenetic mark in
cognition and neuropathology. It is associated with a relaxed
chromatin conformation that facilitates the recruitment of tran-
scription factors and the basal machinery to regulatory sequences
in the DNA, and it is regulated by two opposing enzymatic activ-
ities: histone (or lysine) acetyltransferase (KAT) and histone
deacetylase (HDAC) (Valor et al., 2013b). The first evidence of his-
tone acetylation dysregulation in HD came from the observation
that CREB-binding protein (CBP), which has KAT activity, was found
in intracellular inclusions in in vitro preparations, animal model
brains and postmortem tissue from patients (Kazantsev et al., 1999;
Steffan et al., 2000; Nucifora et al., 2001), suggesting that depletion
of soluble CBP may affect the transcriptional regulation of neuronal
genes relevant to cell survival. In agreement with this view, over-
expression experiments rescued the deficits in exogenous CBP/
CREB-dependent transcription and the toxicity induced by mHtt
in cell culture (Nucifora et al.,, 2001). In a parallel report, Steffan
et al., 2001 discovered global hypoacetylation of histones H3 and
H4 in stably transfected PC12 cells expressing mHtt.

Gene activation
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Fig. 2. Summary of the disrupted epigenetic mechanisms in HD and the tested ameliorative strategies. A gain-of-function effect is inferred because most of the HD models are based
on transgenic or exogenous mHtt expression. Nonetheless, altered interactions between wt-Htt and chromatin-remodeling proteins are possible in HD (e.g., Htt-HDAC3). Actions by
mHtt: regular arrow, activation; blunt end, inhibition. Resulting effects in the relationship between transcription factors and chromatin-remodeling proteins and their downstream
targets and related processes are represented by dashed (reduced activity/effect) and thick arrows (enhanced activity/effect). No intermediate enzyme has been examined in altered
DNA methylation. Ameliorative pharmacological compounds are also depicted. See main text for full acronyms description.
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From these seminal findings, altered histone acetylation has
been demonstrated in a vast array of HD models by independent
research groups and, recently, in neuronal populations from patients
(Yeh et al, 2013). However, while some reports validated the
reduction in the levels of bulk-acetylated histones (Ferrante et al.,
2003; Igarashi et al., 2003; Gardian et al., 2005; Jiang et al., 2006;
Stack et al., 2007; Chiu et al.,, 2011; Lim et al., 2011; Giralt et al.,
2012), others did not find such profound molecular changes, even
using the same murine models (Hockly et al., 2003; Oliveira et al.,
2006; Sadri-Vakili et al., 2007; Klevytska et al., 2010; Valor et al.,
2013a). In the latter cases, histone dysregulation was confined to
specific loci (Sadri-Vakili et al., 2007; Thomas et al., 2008; McFarland
et al,, 2012; Valor et al., 2013a), containing examples of promoter
hypoacetylation correlated with gene downregulation and a small
number of hyperacetylation events. In parallel, both KATs and
HDACs were examined to explain these acetylation deficits.

2.11. CBP

This protein is the better characterized KAT enzyme in cognitive
functions, and it is associated with the Rubinstein—Taybi mental
retardation syndrome (OMIM #180849) and several neurodegen-
erative diseases (Valor et al., 2013b). CBP activity can be altered in
HD, and manipulation of CBP level can therefore modulate the
pathology. Thus, the cell toxicity, histone hypoacetylation and
reduced CBP-dependent transcription of polyQ-expressing systems
are reversed by CBP overexpression (McCampbell et al., 2000;
Steffan et al., 2001; Taylor et al., 2003; Jiang et al., 2006), whereas
a 50% reduction of CBP expression exacerbates neurodegeneration
in a Caenorhabditis elegans HD model (Bates et al., 2006) and di-
minishes the median life expectancy in the murine N171-82Q strain
(Klevytska et al., 2010).

Three main mechanisms have been described for endogenous
CBP activity disruption: i) sequestration into mHtt aggregates; ii)
inhibition by soluble mHtt; and iii) degradation of the CBP protein.
In addition to the aforementioned study (Nucifora et al., 2001),
sequestration has been observed in different transfected prepara-
tions (Jiang et al., 2003, 2006; Kim et al., 2005; Klevytska et al.,
2010). Interaction of the aberrantly expanded Htt fragment with
the polyQ tract at the C-terminus of CBP was the proposed mech-
anism for sequestration (Kazantsev et al., 1999; Nucifora et al.,
2001). However, a direct and inhibitory interaction with the ace-
tyltransferase domain of KAT enzymes was also reported inde-
pendently of the presence of a polyQ tract in the primary sequence
of these proteins (Steffan et al., 2001). Moreover, inclusions of mHtt
were unable to significantly alter the nuclear distribution of CBP
and other transcription factors, as the examined proteins did not
show a significant colocalization with aggregates in HIhCAG150,
R6/2 and N171-82Q mice (Yu et al., 2002; Obrietan and Hoyt, 2004;
Tallaksen-Greene et al., 2005). In agreement with these results, in a
stably inducible PC12 cell line, soluble mHtt interacted with CBP
and inhibited KAT activity before the formation of visible in-
clusions, and in a later stage of polyQ expression, CBP was
marginally located within the aggregates (Cong et al., 2005). More
recently, an expanded polyQ fragment engineered to be mostly
soluble interacted better with CBP and potentiated cytotoxicity
more than an aggregative version (Choi et al., 2012). As an alter-
native mechanism, CBP level can be decreased by the ubiquitin—
proteasome system (UPS) (Jiang et al., 2003; Giampa et al., 2009;
Giralt et al., 2012), indicating abnormal degradation. Overall,
these results are in concordance with the observation that altered
gene expression is not necessarily associated with the formation of
nuclear Htt aggregates in HD mice (Dunah et al., 2002; Sadri-Vakili
etal., 2006) and can occur in their absence (Kita et al., 2002; Sipione
et al.,, 2002). Thus, soluble mHtt might interact with transcription
factors and chromatin-remodeling proteins to mediate early

pathological changes before the formation of nuclear inclusions.
These discrepancies can be due to different and non-exclusive ex-
planations: first, in vitro overexpression of mHtt and CBP may force
co-aggregation; second, the cellular response to mHtt expression is
not uniform, even in apparently homogeneous cell cultures (Jiang
et al., 2003, 2006; Klevytska et al., 2010), and in the absence of
quantification, some reports might be describing marginal events;
and third, unforeseen factors dependent on the experimental
conditions might favor one mechanism over another.

Although altered CBP activity has been associated with mHtt-
induced cell death (Jiang et al., 2003, 2006; Choi et al., 2012), the
precise role of both CBP and histone acetylation in neuro-
degeneration is still unclear, as reviewed in Valor et al. (2013b).
Conditional knockout of CBP in postmitotic forebrain neurons
reduced the bulk levels of histone acetylation without apparently
compromising cell viability (Chen et al., 2010; Valor et al., 2011),
suggesting additional factors may converge to induce effective cell
loss. Nonetheless, CBP may play a prominent role in the cognitive
impairments observed in HD patients because HdhQ7/Q111-
knockin mice exhibit deficits in spatial and recognition memories
concomitant to diminished levels of CBP and acetylated histone H3
(Giralt et al., 2012).

2.1.2. Other KATs

Although mHtt can potentially interfere with any KAT activity
(Steffan et al., 2001), the involvement of other KAT enzymes in HD
remains largely unexplored, as only two additional members have
been examined so far. Despite the high similarity to CBP, p300 is
absent in the intracellular inclusions, is not capable of rescuing cell
toxicity in overexpression experiments (Nucifora et al., 2001) and is
not degraded in the presence of mHtt (Cong et al., 2005). However,
p300 may have a more relevant role in peripheral tissues
(Andreassen et al., 2002). In the case of p300/CBP-associated factor
(P/CAF), its loss of function in a Drosophila HD model further
reduced survival, most likely due to an indirect effect, as P/CAF level
was unaltered and overexpression did not rescue the neurode-
generative phenotype (Bodai et al., 2012).

2.1.3. HDACs

Due to the beneficial effects of HDAC inhibitors (HDACis), as we
will see later, and the observations on the interacting partner of
HDAC1/2, the corepressor mSin3a, in HD models (Boutell et al.,
1999; Steffan et al., 2000, 2001), it is reasonable to consider that
HDAC activity can also be affected in HD in an opposite manner to
KATs. These enzymes are classified into classes I (HDACs 1—3 and 8),
I (HDACs 4—7, 9 and 10), Ill (NAD"-dependent family of sirtuins)
and IV (HDAC11). Whereas RNA levels were not affected, protein
levels and nuclear distribution of class I and Il HDACs showed some
perturbations. However, they were not entirely consistent in suc-
cessive studies and HD models (Table 1), suggesting more refined
approaches are needed to properly explore the amounts of HDACs.
The functional involvement of HDACs in HD is being systematically
examined by Bates et al. So far, reduction of single HDACs (namely
HDAC3, 6, 7 and Sirt2) from the R6/2 strain in crossing experiments
did not ameliorate the pathological phenotype and did not rescue
transcriptional deficits (Benn et al., 2009; Bobrowska et al., 2011,
2012; Moumne et al., 2012). A similar approach in invertebrate
models has been more successful, although with some limitations.
Knocking down the HDAC3 ortholog in worms suppressed the
mHtt-induced degeneration of ASH sensory neurons; however,
reducing any of the other orthologs of classes I-IIl enhanced neu-
rodegeneration, contrary to expectations (Bates et al., 2006). In HD
flies, decreasing specifically the expression of Rpd3 (ortholog to
HDAC1/2/8) or Sir2 (Sirtl) was neuroprotective, but without
rescuing their shortened life span (Pallos et al., 2008).
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Table 1
Altered histone deacetylases (HDACs) in HD.

HDAC HD model and brain area Altered levels and distribution
HDAC1 Infected HeLa cells and cortical neurons (htt-111Q) [1] No total protein change/no increase in agg+ cells
R6/2 Ctx and Str (4, 9 and 12w) [2] Increased total protein levels
R6/2 Ctx and BrSt (9w) [3] No total RNA change
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
N171-82Q Ctx [4] Reduced cytosolic and increased nuclear protein
Postmortem brain from HD patients [1, 2] No staining change in Str and Ctx [1]
No total protein change [2]
HDAC2 Infected HeLa cells and cortical neurons (htt-111Q) [1] No total protein change
R6/2 Ctx and BrSt (9w) [3] No total RNA change
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
N171-82Q Ctx [4] No change in cytosolic and nuclear protein levels
HDAC3 Infected HelLa cells and cortical neurons (htt-111Q) [1] No total protein change
R6/2 Ctx and Str (4, 9 and 12w) [2]
R6/2 Ctx and BrSt (9w) [3] No total RNA change
R6/2 Ctx, Str and Cb (15w) [5]
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
N171-82Q Ctx [4] Reduced cytosolic and increased nuclear protein
HDAC4 Infected HeLa cells and cortical neurons (htt-111Q) [1] No total protein change
R6/2 Str (9w) [2]
R6/2 Ctx (4 and 12w) [2] Increased total protein levels (12w)
R6/2 Ctx and BrSt (9w) [3] No total RNA change
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
N171-82Q Ctx [4] No change in cytosolic protein levels
Postmortem brain from HD patients [6] Increased protein levels in cingulate Ctx
No protein change in CN and PN] cells
HDAC5 Infected HelLa cells (htt-111Q) [1] No protein change/slight increase in agg+ cells
Infected cortical neurons (htt-111Q) [1] No protein change/no increase in agg+ cells
Postmortem brain from HD patients [1] Increase in nuclear staining (Str > Ctx)
R6/2 Str (9w) [2] No total protein change
R6/2 Ctx (4 and 12w) [2] Increased total protein levels (12w)
R6/2 Ctx and BrSt (9w) [3] No total RNA change
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
Postmortem brain from HD patients [6] Increased protein levels in cingulate Ctx
No protein change in CN and PN] cells
HDAC6 R6/2 Str and Ctx (9 and 12w) [2] Increased total protein levels
R6/2 Ctx and BrSt (9w) [3] No total RNA change
R6/2 Str, Ctx and Cb (4, 9, 15w) [7]
HdhCAG140 Ctx (8 and 24m) [2] No total protein change
HDAC7 R6/2 Ctx and BrSt (9w) [3] No total RNA change
R6/2 Str and Cb (14w) [8]
R6/2 Ctx (14w) [7] No total protein change
R6/2 Str (6w) [9] Decreased total RNA and protein levels
N171-82Q Ctx [4] No change in cytosolic protein levels
HDACS8 Infected HeLa cells and cortical neurons (htt-111Q) [1] No total protein change
R6/2 Ctx and BrSt (9w) [3] No total RNA change
Postmortem brain from HD patients [1] No protein staining change in Ctx and Str
HDAC9 R6/2 Ctx and BrSt (9w) [3] No total RNA change
HDAC10
HDAC11
Sirt2 R6/2 Ctx, Str and Cb (4 and 15w) [10] No total RNA change

Ctx, cortex; Str, striatum; BrSt, brain stem; Cb, cerebellum; CN, caudate nucleus; PN]J, Purkinje; agg+, positive to mHtt aggregates. References: [1] (Hoshino et al., 2003), [2]
(Quinti et al., 2010), [3] (Mielcarek et al., 2011), [4] (Jia et al., 2012b), [5] (Moumne et al., 2012), [6] (Yeh et al., 2013), [7] (Bobrowska et al., 2011), [8] (Benn et al., 2009), [9] (Ma

and D'Mello, 2011), [10] (Bobrowska et al., 2012).

Of note, in cell lines challenged with cytotoxic insults, neuro-
protection has been achieved by overexpressing HDAC7, indepen-
dently of its HDAC activity (Ma and D’'Mello, 2011), and by
overexpressing wild-type Htt, which physically interacts with
HDAC3 to damper its activity (Bardai et al., 2013). In R6/2 mice the
Htt-HDAC3 interaction is actually disturbed. In summary, these
results add more complexity for understanding the precise roles of
HDACs in HD.

2.2. Histone methylation

Similarly to acetylation, histone methylation is also involved in
cognition and linked to intellectual disabilities, especially in the
case of histone H3 (reviewed in Parkel et al., 2013). The repressive
marks di-methylation (m2) and tri-methylation (m3) of H3K9 are
elevated in brain tissues of R6/2 and N171-82Q mice and in HD

patients (Ferrante et al., 2004; Gardian et al., 2005; Ryu et al., 2006;
Stack et al., 2007). H3K9 methylation and acetylation are mutually
exclusive (Wang et al., 2008), so it is not surprising that their levels
become imbalanced in opposite directions in murine models (Stack
et al., 2007) to negatively affect the expression of genes with
neuronal functions.

Histone H3K9 hypermethylation has been explained as a result of
altered upregulation of upstream chromatin factors. Ferrante et al.
(Ryu et al., 2006) showed concurrently increased levels of H3K9me3
and its specific histone—lysine N-methyltransferase SET (SU(VAR)3-
9, enhancer of Zeste, Trithorax) domain bifurcated 1 (SETDB1), also
known as ERG-associated protein with SET domain (ESET). GC-box-
binding transcription factors Sp1 and Sp3 were proposed to be
responsible for the SETDB1 transcriptional upregulation. This view is
in agreement with the reported enhancement of Sp1 activity in HD
(Qiu et al., 2006; Benn et al., 2008) but in apparent contradiction
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with other works (Dunah et al., 2002; Li et al., 2002; Chen-Plotkin
et al., 2006). Therefore, the effect of Sp factors dysregulation
should be explained on the basis of specific loci. Another example is
alpha-thalassemia/mental retardation X-linked (ATRX), a DNA-
dependent ATPase/helicase that specifically recognizes H3K9me2/3
in pericentromeric heterochromatin (Eustermann et al., 2011; Iwase
et al., 2011) and is associated with the mental retardation syndrome
that carries the same name (OMIM #301040). Increased ATRX has
been observed in different HD animal and cellular models, and it
colocalizes with H3K9me3 and heterochromatin-binding protein 1
alpha (HP1a) (Lee et al., 2012). Moreover, neurotoxicity induced by
mHtt is influenced by genetic manipulation of ATRX level in
Drosophila. In accordance with ATRX’s role in heterochromatin
condensation, an increase in the volume of pericentromeric het-
erochromatin clusters was subsequently confirmed in HD (Lee et al.,
2013). To explain this upregulation, the expression level of the
transcription factor caudal type homeobox 2 (Cdx2) and its binding
occupancy at the ATRX promoter were augmented in R6/2 striatum
(Lee et al., 2012). It is documented that Cdx2 expression is restricted
to metastatic adenocarcinomas and intestinal epithelium and related
tissues in non-neoplastic conditions (Strickland-Marmol et al.,
2007), so the presence of Cdx2 in adult brain remains intriguing.

In contrast, the methylation mark associated with active genes,
H3K4me3 (Parkel et al., 2013), exhibited reduced binding at the
promoters of representative downregulated genes in cortical and
striatal areas of R6/2 mice and patients (Vashishtha et al., 2013). This
correlation was extended to other genes in a genome-wide occu-
pancy survey in the murine strain. The proposed cause of H3K4me3
hypomethylation was the upregulation of the specific histone
demethylase lysine (K)-specific demethylase 5C (KDM5C), also
known as Smcy homolog, X-linked (SMCX) or Jumonji/ARID domain-
containing protein 1C (Jarid1c), associated with the X-linked Claus-
Jensen type mental retardation syndrome (OMIM #300534). As a
validation of this effect, knockdown of KDM5C increased the tran-
script levels of selected HD-deregulated genes and ameliorated the
toxicity in mHtt-expressing flies (Vashishtha et al., 2013).

2.3. Histone ubiquitylation

Next we summarize the most relevant aspects of histone mon-
oubiquitylation for the purposes of this review. For further details,
see the reviews by Cao and Yan (2012), Braun and Madhani, 2012,
and references therein. Histone monoubiquitylation is the result of
the covalent attachment of ubiquitin protein to lysine residues by
the enzymatic action of E3 ubiquitin ligases. On the one hand, H2A
is monoubiquitylated at K119 by the Polycomb repressor complex
PRC1 and has been linked to the silencing of developmental genes,
pericentromeric regions and the inactive X-chromosome. A general
requirement for H2A monoubiquitylation (H2Aub1) is the previous
methylation of H3K27 by the Polycomb complex PRC2. On the other
hand, H2B is monoubiquitylated at K120 and is frequently associ-
ated with active genes. H2B monoubiquitylation (H2Bub1) is
required for the establishment of two downstream active marks:
methylated H3K4 and H3K79. In addition, H2Bub1 determines the
general structure of the chromatin by ensuring the integrity of
histone positioning throughout the genome.

In R6/2 mouse brain, the bulk H2Aub1 level was increased
independently of the ubiquitin—proteasome system in two studies
(Kim et al., 2008; Bett et al., 2009), whereas H2Bub1 was reduced
(Kim et al., 2008). These changes were correlated at the level of
promoter binding and transcriptional expression of selected genes:
negatively in the case of H2Aub1 and positively in the case of
H2Bub1, in concordance with a repressive and active mark,
respectively. Similar deficits were observed in the HD STHdhQ111/
Q111 cell line, which allows the manipulation of E3 ubiquitin ligases

(Kim et al., 2008). Thus, ring finger protein 2 (Rnf2 or Ring2) can
regulate H2Aub1 and the downstream methylation of H3K9,
whereas Rnf20 (homolog to yeast Bre1) can regulate H2Bub1 and
the downstream methylation of H3K4, suggesting the potential
involvement of the Polycomb repressive complexes in the etiology
and/or progression of HD.

2.4. Histone phosphorylation

An early report suggested an aberrant phosphorylation of his-
tone H3 in polyQ diseases (Yazawa et al., 2003), but only years later
was it demonstrated that the induction of pH3 and its downstream
target gene c-Fos was impaired in striatal neurons transfected with
an expanded version of a Htt fragment (Roze et al., 2008). The
phosphorylation level of histone H3 at serine 10 is extremely low
under basal conditions, but it is highly induced after neuronal
activation in a rapid and transient manner (Crosio et al., 2003;
Tsankova et al., 2004; Sng et al., 2006). Impaired pH3 induction
has been explained by downregulation of the upstream kinase
mitogen- and stress-activated protein kinase-1 (MSK-1). Over-
expression of MSK-1 restored full induction of the pH3 and c-Fos
expression and abrogated striatal death in vitro and in vivo (Roze
et al., 2008; Martin et al., 2011) by acting cooperatively with tran-
scription factors such as CREB to activate prosurvival factors.

Another completely different aspect of histone phosphorylation
implicates histone H2A.X. This universal variant differs from the
canonical H2A in the C-terminus and in a few amino acids. H2A.X
became phosphorylated at S139 by ataxia telangiectasia mutated
kinase (ATM) to create YH2A.X in both cellular and R6/2 models in
response to DNA damage (Giuliano et al., 2003; Illuzzi et al., 2009).
Activation of YH2A X fosters a structural environment that facili-
tates DNA repair (reviewed in Bonisch and Hake, 2012). However, in
mHtt-expressing conditions, this activation did not lead to an
efficient repair, due to the uncoupling between YH2A.X and breast
cancer-associated 1 (BRCA1), another ATM substrate, making neu-
rons more susceptible to DNA breaks under stress conditions (Jeon
et al,, 2012).

2.5. DNA methylation

In the nervous system, altered DNA methylation has been
implicated in a variety of neurodevelopmental and psychiatric dis-
orders (Jakovcevski and Akbarian, 2012; Grayson and Guidotti,
2013). This modification is most familiar from its prominent role
during development in processes such as gene imprinting and
tissue-specific gene silencing (Guibert and Weber, 2013) and has
been regarded as a highly stable mark that makes possible the
maintenance of cell identity in adulthood. Nonetheless, a more dy-
namic view for this epigenetic mark has recently arisen in neuronal
activation and cognition (Day and Sweatt, 2011; Guo et al,, 2011a).

Methylation of carbon 5 in cytosine is the most abundant DNA
modification and is highly represented in vertebrates. In mammals
it is found almost exclusively in CpG dinucleotides. CpG islands
(CGlIs) are genomic sequences enriched in CpG dinucleotides, usu-
ally located in gene promoters and generally involved in gene
regulation (Deaton and Bird, 2011). The modification is catalyzed by
DNA methyltransferases (DNMTs), which create 5-methylcytosines
(5mCs). This can be followed by an additional step of 5 mC oxi-
dization to create hydroxymethylcytosines (5 hmCs), which are
catalyzed by ten-eleven translocation (TET) proteins and are
thought to be an intermediate state prior to DNA demethylation
(Guo et al., 2011b). To oversimplify, 5 mC in a promoter is associated
with gene repression, while 5 hmC is associated with relief of
transcriptional silencing (Guibert and Weber, 2013), as demon-
strated during the brain development (Lister et al., 2013).



6 LM. Valor, D. Guiretti / Neuropharmacology xxx (2013) 1-12

Altered patterns of CpG methylation in HD have been examined
in two downregulated gene products in multiple HD models and in
patients (Seredenina and Luthi-Carter, 2012): brain-derived neu-
rotrophic factor (BDNF), important for the function and survival of
mature neurons, and adenosine As receptor (Adora2a), which
stimulates the activity of adenylyl cyclase. No overall methylation
changes have been observed in the CGIs distributed along the
alternative promoters and 5’-UTRs of these genes. In the case of
BDNF, examination of single CpG dinucleotides revealed very little
influence of mHtt expression in the R6/1 hippocampus (Zajac et al.,
2010). In the case of Adora2a, an immunoprecipitation approach
was used to discriminate 5 mC and 5 hmC changes at specific CpGs
(Villar-Menendez et al., 2013), which is not possible using methods
such as bisulfite sequencing (Huang et al., 2010; Jin et al., 2010;
Nestor et al., 2010). Whereas 5 mC changes were inconsistent,
5 hmC levels were decreased in a similar location in the 5'-end of
the Adora2a gene in murine and human striata.

Genome-wide surveys have been more informative than gene-
single studies. In the first study, a modified bisulfite sequencing
protocol was used to measure DNA methylation at the base pair
resolution comparing STHdhQ111/Q111 and the control Q7/Q7 cell
lines (Ng et al., 2013). There was a bias toward hypomethylation,
which was more concentrated at CpG-poor regions, which are more
likely to be associated with distal and intergenic regions. However,
methylation changes at CpG-rich regions, which are largely asso-
ciated with transcription start sites (TSS), were inversely correlated
with gene expression changes. To determine whether specific DNA
sequences may regulate methylation changes at the CpG-poor
distal regions in STHdh cell line, a ChIP-seq analysis demonstrated
differential binding of the transcription factors Sox2 and the AP-1
members Fra2 and JunD that were positively correlated with dif-
ferential DNA methylation. In another study, the global level of
5 hmC was red