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ABSTRACT

Inheritance of one copy of the Auntingtin gene with an extended CAG repeat
causes Huntington’s Disease (HD). People with HD gradually develop a triad of clinical
symptoms that involve motor dysfunction, cognition deficits and psychiatric
disturbances. Currently, there is no effective treatment for HD. The most distinct
neuropathology in HD is a gradual loss of GABAergic medium spiny projection neurons
in the caudate and putamen. Studies from animal models of HD have demonstrated that
the amino terminus of mutant huntingtin (N-mHtt) accumulates in the nucleus and that
levels of a specific subset of mRNAs decrease in some neurons. How N-mHtt reduces
synthesis of mRNA in a cell- and gene-specific manner is currently unknown. In this
study, we employed a systematic approach to explore the mechanism whereby N-mHitt
exerts transcriptional repression in transgenic HD mice, and in cell culture and in vitro
models of HD. We chose to study phosphodiesterase 10A (PDE10A) as a model of
mutant huntingtin-affected genes. We performed detailed analyses of gene structure and
tissue-specific expression of PDE10A and studied the affects of N-mHtt on the
expression of this gene. N-mHtt decreased transcription from the striatal-specific
PDE10A?2 promoter but not from a testis-specific PDE10A1 promoter. Reduced
transcription was caused by decreased transcription initiation specifically from two of
three transcription start sites in young R6/1 transgenic HD mice. N-mHtt present in the
brains of R6/1 mice did not alter the DNA binding activities of 125 of 345 transcription
factors prior to the time that transcription of PDE10A2 began to decrease. Using a cell-
free system, we determined that soluble monomer form of wild-type and mutant
huntingtin were associated with the transcription preinitiation complexes. Together, the
data do not support the current hypotheses that N-mHtt sequesters transcription factors
from promoters. Rather, it appears that N-mHtt directly associates with and may change
the composition of the complexes of proteins that make up the basal transcription
machinery. This direct association with the transcription machinery may block
communication between the transactivation domains of promoter-specific factors and the
cell-specific components in the core transcription machinery.
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CHAPTER 1

Introduction



1.1 Huntington’s Disease (HD)

Huntington’s Disease was first described as an unique form of chorea by a
physician named George Huntington in 1872. Three distinct features including its
heritability, a tendency for patients to experience insanity and commit suicide, and a
manifestation of the disease in adulthood, are associated with the chorea. This chorea
bears the physician’s name and is now called Huntington’s Disease (HD) (Huntington,
1872). HD is an inherited neurological disorder that equally affects men and women with
an incidence of 4 to 7 per 100,000 worldwide (Harper, 1992). Inheritance of the disease
gives rise to a progressive, selective neuronal cell death associated with a triad of
symptoms that include motor dysfunctions, cognitive deficits, and psychiatric
disturbances (Bates et al., 2002). The disease onset is usually in mid-life but can vary
from early childhood until old age and the duration of the disease ranges from 10 to 25

years after onset of motor symptoms (Harper, 1992; Vonsattel & DiFiglia, 1998).

Clinical Features of HD

There is variability in the symptoms at different stages of HD progression and
among patients (Brandt es al., 1984; Harper, 1992). Motor dysfunction consists of
involuntary movements and impaired voluntary movements. Involuntary movements
include chorea, dystonia, irregular jerking and rigidity. Impaired voluntary movements
involve the limbs and trunk and musculature of the respiratory, laryngeal, pharyngeal,
oral and nasal systems. As such, HD patients suffer from gait disturbances, impaired
pursuit with saccadic intrusions, lack of fine motor coordination, difficulty in swallowing

and impairments of speech. The combination of involuntary movements and impairment



~of fine motor skills ultimately causes great functional impairment and a poor quality of
life (Ross et al., 1997). Cognitive difficulties usually begin about the same time as
abnormal movements. Patients develop aphasia (loss of ability to use language), agnosia
(loss of cognition and ability to learn), global dementia (loss of memory) and delirium
(Brandt er al., 1984). Other significant components of HD are the psychiatric symptoms
that occur before the onset of the movement disorders in up to 50% of HD patients
(Nance, 1998). Depression, aggression, irritability, apathy, and mood swings are the
most common symptoms of HD patients, which can be accompanied by delusions,
hallucinations and/or schizophrenia-like syndrome. These psychiatric symptoms may be
behaviorally expressed as aggressive outbursts, impulsiveness, social withdrawal, and

suicide (Jensen ef al., 1993).

Neuropathology of HD brains

The most prominent neuropathology in HD brains is selective neurodegeneration
in the basal ganglia, mainly in the caudate and putamen. Other brain regions that are
affected in HD, but to a lesser extent, include certain neuronal populations in the
thalamus, subthalamus, and substantia nigra, as well as pyramidal neurons in layers III, V
and VI of the cortex and CA1 of the hippocampus (Vonsattel, 1983). Loss of neurons in
the caudate and putamen show a gradient, with the earliest and most extensive loss in the
dorsal and medial regions of the structure, and progressive loss in ventral and lateral
regions as the disease progresses. Despite selective vulnerability to cell death of the
medium spiny projection neurons, which are the most abundant type of neurons in the

caudate and putamen, the large and medium aspiny interneurons survive throughout the



progression of HD (Vonsattel & DiFiglia, 1998). Neuronal loss in HD is followed by
reactive astrocytosis and gliosis, and the number and size of reactive glia are proportional
to the degree of neuronal loss (Stevens er al., 1988). A 0 to 4 relative grading scale of
gross and microscopic neurodegeneration, based primarily on changes in the caudate and
putamen, has been used to semi-quantitatively categorize the severity of HD in post-
mortem brains (Vonsattel ef al., 1985). Cell death in the caudate and putamen reflects
vulnerability of these cells and this may have inadvertently focused research on
understanding changes that occur in this region without considering that HD may have
negative effects caused by common mechanisms throughout the brain. Patients, which at
the time of death had brains classified as grade 0, manifest HD symptoms but do not have
detectable neurodegeneration in the caudate putamen (Caramins ef al., 2003). These
facts demonstrate that symptoms precede detectable neurodegeneration. Clinical
symptoms of HD can not be attributed directly to the degree of atrophy and degeneration
in the caudate and putamen. Functional changes in structures outside of the caudate and
putamen, such as the cortex, hippocampus, cerebellum and white matter, may play
significant roles in non—rriotor symptoms and the clinical heterogeneity observed among

HD patients (Rosas et al., 2003; Lafosse et al., 2007).

Inheritance and discovery of the HD gene

Analysis of many HD pedigrees in Venezuela from 1983 to 1993 clearly
delineated the inheritance of HD (Gusella et al., 1993). HD is characterized by equal
incidence in both sexes, equal transmission by both sexes, and a clear autosomal

dominant pattern of inheritance. In 1993, the genetic cause of HD was identified using



material derived from the well-defined HD pedigree in Venezuela. HD is caused by an
abnormal expansion of the polymorphic CAG trinucleotide repeat in exon 1 of the
Interesting Transcript (IT1 5) gene, later named the HD gene (Huntington’s Disease
Collaborative Research Group, 1993). The HD gene is located on the short arm of
chromosome 4 (4p16.3) and contains 67 exons that code for a 3144 amino acid, 350 kDa
huntingtin protein. The chromosomal position accounts for the autosomal pattern of
inheritance of HD. The CAG repeat is translated into a polyglutamine (polyQ) tract
within the N-terminus of the huntingtin protein. Members of the general population who
do not have HD have 35 or fewer CAG repeats at this position of the HD gene, although
the locus is clearly polymorphic like many other microsatellite repeats in the human
genome. HD patients have more than 35 contiguous CAG repeats. There is an inverse
correlation between the number of CAG repeats and the age of onset in HD (Duyao ef al.,
1993), but the strength of this correlation varies considerably. The strongest correlation
between repeat length and age of onset applies to the ’largest CAG repeats (55 to 250
repeats), which are frequently associated with juvenile onset of disease (Nance et al.,
1999; Geevasinga et al., 2006). The majority of HD patients have 40 to 50 CAG repeats
and the age of onset/repeat length correlation is much weaker for this group of HD
patients (Brinkman er al., 1997). Patients having an allele with 35-38 CAG repeats are
considered to be at risk for developing the disease but may not develop HD phenotypes
during their lifespan (Rubinsztein ef al., 1996). The mutant HD allele that is inherited
from affected fathers tends to increase in the size of CAG repeat found in the gene of the
offspring (Trottier ef al., 1994). Most of the patients who suffer from juvenile-onset HD

inherit the HD allele from their fathers. The juvenile form of the disease is characterized



by bradykinesia, rigidity, dystonia and epilepsy rather than chorea seen in the adult-onset
of HD (Geevasinga ef al., 2006). Genotype-phenotype correlation studies show that the
size of CAG repeats is inversely correlated with severity of brain pathology, but not with
the development of psychiatric features or rate of dece in HD patients, suggesting CAG
expansion may be directly related to cell vulnerability but sequences surrounding the
CAG expansion may be attributed to the psychiatric symptoms. These studies indicate
that the expansion of CAG located within the HD gene may contribute to neuronal
dysfunction, which occurs decades prior to neurodegeneration (Lovestone ef al., 1996).
Analysis of the Venezuelan HD kindred demonstrated that variability in age of onset has
both genetic (in addition to the inheritance of an abnormal CAG repeat) and
environmental components (Wexler et a/., 2004). HD patients acquire the mutant alleles
from the preceding generation in majority of HD cases (95%) and <5% show sporadic
mutation that is independent of non-paternal transmission (Huntington’s Disease
Research Collaborative Research Group, 1993). Heterozygous HD patients with one
mutant allele show indistinguishable features compared to patients with two mutant
alleles indicating an autosomal dominant feature of HD (Durr et al., 1999; Wexler ef al.,

1987)

Current treatments
There is currently no effective treatment for preventing or delaying the
progression of HD. The treatments that are available for HD patients target chorea and

psychotic symptoms (Bonelli & Hofmann, 2004; 2007) (Table 1-1). Antichorea



Table 1-1. Possible therapeutic approaches for HD'.

Pharmacology Mechanism of .
approaches Drugs used action Target Side-effects
b i . ) . .
Carris a;r;?dz:r;?;ne, Anti-psychotics Depression, Insomnia, tremor,
pericone, Anti-depressants psychiatric anxiety, seizures,
clozapine X
e SSRI symptoms sleepiness
quetiapine
Olanzapine Sedation,
. . Chorea, . .
Tetrabenazine Dopamine- s Parkinsonian
. . hyperkinetic
) Haloperidol depleting agents movements symptoms,
Sedatives, Pimozide depression, insomnia
Psychiatric Isoniazid
agents, Muscimol ' i
Mood THIP GABAg rete Dy§tonla, Sedation, or no effect
o agonists seizures
stabilizer, Baclofen
Cognitive
2
enhancers Di . . . All anti-cholinergic
lazepam Anti-cholinergic . .
Dystonia side-effects, dry
drugs
mouth, nausea
Amantadine Reduce No i .
Remecemide NMDA excitotoxicity cg;zsr:v;rﬁzﬁsm
Riluzole antagonists through NMDA decli >y MPp ’
Ketamine receptors ecline in memory
Minocycline Inhibit caspase
A Caspase inhibitors  activation, anti- N/D?
Miraxion )
apoptosis
Co-enzyme.QlO, Mitochondrial Genera'te energy
remacemide and maintain cell N/D
. enhancers A
Creatine viability
. Memantine Glutamate .lnh'bl.t . N/D
Strategies receptor blocker excitotoxicity
targeted at
specific HD Inhibit th
4 nhibit the
rocesses
P Congo r?d Agg.r cgate formation of N/D
Intrabodies inhibitor
aggregates
Sodium butyrate  HDAC inhibition Increase N/D
transcription
Antisense, RNAi Gene and protein ~ Decrease mutant N/D

silencing

protein




Pharmacology Mechanism of

Drugs used - Target Side-effects
approaches action
Reparative Primary cells, Transplantation Replacing dying  No changes or modest
. stem cells, human . .
strategies repair striatal neurons benefits

fetal striatal tissues

'Rego & Almeida, 2005; Handley et al., 2006; Bonelli & Hofmann, 2004.
*Drugs that were used in human clinical trials.
>Not determined in human clinical trials.



treatments include typical neuroleptics and atypical neuroleptics. Typical neuroleptic
drugs that are occasionally used in HD patients include the dopamine-depleting agent
tetrabenazine and the antipsychotics fluphenzine, haloperidol and pimozide. Patients on
these medications have less chorea but have motor dysfunction including impairment of
gait, speech and swallowing may be exacerbated and dystonia may be worsened. These
negative aspects of drug treatment, in addition to the common side effects of these drugs
such as sedation, insomnia, parkinsonism, depression and akathisia, limit their clinical
use (Bonelli & Hofmann, 2004). Psychiatric symptoms are often treated with selective
serotonin reuptake inhibitors (SSRI), for depression, anxiety disorders and
obsessive/compulsive symptoms in HD. In other cases, patients receive typical
antidepressants such as haloperidol. Drugs that enhance mitochondrial metabolism
(coenzyme Qo, remacemide, creatine), anti-inflammatory agents that may have
antiapoptotic properties (minocycline) and aggregate inhibitors (Congo red) all have been
proposed to be promising therapies for HD (Handley et al., 2006). However, conflicting
findings of these reagents in animal models of HD and incomplete understanding of their
pharmacological mechanisms prevent their use in human clinical trials (Table 1-1).
Therapies currently available for different stages of HD patients can only temporarily
ease symptoms of chorea at the expense of worsening functional tasks; these treatments
do not slow the progression of the disease (Handley et al., 2006). Reducing symptoms,
decreasing disability and improving quality of life are the goals of managing HD.
Achieving these goals requires an understanding and appreciation of how this genetic

disorder developed at cellular and molecular levels (Rego & Almeida, 2005).
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1.2 Function of Wild-Type Huntingtin
Expression of the HD gene

Despite the very specific pattern of neurodegeneration observed in HD, wild-type
huntingtin and mutant huntingtin are both ubiquitously expressed, with the highest levels
of huntingtin protein being found in CNS neurons and the testes of humans and rodents
(Trottier et al., 1995; Sharp et al., 1995; Fusco et al., 1999). The function(s) of normal
huntingtin protein are not completely understood due to its large size and lack of
sequence similarity to other proteins of known function (Bhide et al., 1996; Hackam et
al., 1998; Martindale et al., 1998). An HD homolog is present in all vertebrates and
recent data indicate that members of the basal chordates also express a HD homolog
suggesting an ancient history and conservation of this protein after the divergence of the
chordates from other species (Gissi et a/., 2006). Huntingtin is present in the nucleus,
cell body, dendrites and nerve terminals of neurons. Subcellular fractionation and
immuno-localization studies suggest that huntingtin is associated with the Golgi
apparatus, endoplasmic reticulum and mitochondria and plays a role in vesicle
trafficking, clathrin-mediated endocytosis, neuronal transport, postsynaptic signaling and

- regulation of apoptosis (Trottier ef al., 1995).

Huntingtin knock-out mouse models

The idea that huntingtin has a specific function during development has been
supported by studies on inactivation of the mouse huntingtin (Hdh) gene using a knock-
out strategy where the Hdh gene is disrupted by null mutation (Duyao et al., 1995; Nasir

et al., 1995; Zeitlin et al., 1995). In all cases, nullizygous mouse embryos die at
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approximately embryonic day 7.5, indicating an important role of huntingtin protein in
embryogenesis. Two different hetefozygous knock-out models display no neurologic
phenotype (Duyao ef al., 1995; Zeitlin et al., 1995), suggesting that one copy of normal
huntingtin is sufficient to support early development. This observation is consistent with
a human study in which a woman carrying a balanced translocation with a breakpoint
between exon 40 and 41 of the HD gene expressed one copy of a normal HD gene but
showed normal phenotype (Ambrose et al., 1994). These studies suggest that the
dominant feature of HD is not due to the inactivation of the normal HD allele.
Conditional knockout of the HD gene using the Cre/loxP site-specific recombination
strategy has shown that loss of expression of huntingtin protein in the brain and testis at
embryonic day 15 and postnatal day 5 results in a progressive degenerative neuronal
phenotype and sterility, indicating that huntingtin is required for the development Qf
young embryos and the maturation and maintenance of the postnatal brain (Dragatsis et
al., 2000). Information from knock-out models argue against the possibility that the loss
of the wild-type HD allele is the primary cause of HD and that low levels of wild-type

huntingtin may influence disease progression.

Proteolytic cleavage of huntingtin protein

Huntingtin contains three consensus sites for cellular proteases. These cleavage
sites are located at amino acid 548, 552 and 586 catalyzed by caspase 3 (Wellington et
al., 1998), caspase 2 (Hermel et al., 2004) and caspase 6 (Graham et al., 2006),
respectively. Cleavage generates different fragments of huntingtin and the N-terminal

accumulates and is ubiquinated in the striatum compared to those in the cortex (Mende-
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Mueller et al., 2001). The rodent striatum is the structure that has equivalent functions to
the caudate and putamen in the human brain. Various sizes of N-terminal fragments and
full-length wild-type huntingtin are present in the nucleus although the cleaved N-
terminus and wild-type huntingtin protein lack a typical nuclear localization signal (NLS)
(Hoogeveen et al., 1993). The presence of nuclear export signal (NES) at the carboxy-
terminus of huntingtin may explain a higher level of amino-terminal fragments than full-
length protein in the nucleus (Hilditch-Maguire et al., 2000; Tao & Tartakoff, 2001). The
mechanisms whereby wild-type huntingtin is translocated into the nucleus are not clearly
understood and it is suggested that it is associated with nuclear transport complexes that

contain proteins having NLS (Takano & Gusella, 2002).

1.3 Animal Models of HD
Early HD models

Before the HD gene was discovered, it was thought that excitotoxicity and
impaired mitochondrial function in the caudate and putamen were the cause of the
disease. This hypothesis was based on observations that injection into the rodent striatum
with excitatory amino acids preferentially caused cell death of the same type of neurons
that are selectively lost in HD patients. Intrastriatal injection of the N-methyl-D-aspartic
acid (NMDA) receptor agonist quinolinic acid (QA) in rats and non-human primates
results in selective loss of gamma-aminobutyric acid producing (GABAergic) projection
medium spiny neurons (MSN) and preservation of large aspiny interneurons such as
‘those containing acetylcholinesterase or nitric oxide synthase (NOS), neuropeptide Y and

somatostatin (Ferrante et al., 1985; Beal ef al., 1986; Hantraye et al., 1990). Systemic
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injection of mitochondrial toxins such as malonic acid or 3-nitropropionic acid (3-NP)
also causes chronic selective degeneration of striatal MSNs, which can be attenuated by
treatment with NMDA receptor antagonists (Beal et al., 1993; Greene et al.,, 1993),
suggesting that mitochondrial dysfunction in HD is a part of NMDA receptor-mediated
excitotoxicity signaling in striatal neurons. These animal models of HD recapitulate
selective striatal cell death and some behavioral features seen in HD patients, but they
can not explain the fact that grade 0 HD patients develop HD symptoms without striatal
neurodegeneration. In addition, the distribution of the NMDA receptors in the brain does
not correspond to the areas of the brain most affected with HD (Luthi-Carter et al., 2003).
Therefore, these models only represent a late event that occurs in HD and excitotoxicity
and mitochondrial dysfunction are likely secondary effects that follow early neuronal

dysfunction in HD.

Genetic models of HD

Many genetic models of HD have been established. The models include genetic
manipulation of cells from various sources and transgenic organisms includihg
Drosophila (Agrawal et al., 2005; Marsh & Thompson, 2006), Caenorhabditis elegans
(Parker et al., 2004), mice (Mangianni et al., 1996; Hodgson et al., 1999; Schilling et al.,
1999; Reddy et al., 1998; Wheeler ef al., 2000; Shelbourne ef al., 1999; Lin et al., 2001),
and rats (Nguyen et al., 2006). These models have greatly contributed to the study of
different stages of the disease and have been most useful in the study of early stages of

the disease that precede, and may be independent from, cell death.
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HD is an autosomal dominant disease and the major aspects of the disease are
caused by a gain of function of the mutant protein although a loss of 50% of the amount
of wild-type huntingtin protein in some neurons, and undefined genetic and environment
factors contribute to a lesser extent to HD onset and progression (Rosenblatt et al., 2001).
The gain of function(s) in HD can be specifically examined in transgenic mouse models
of the disease where the mice have a copy of either a part or the entire human mutant HD
gene with an expanded CAG repeat in exon 1 and two normal copies of the endogenous
mouse HD gene. Many transgenic models have been established and they differ in the
location of the site of insertion, the promoter used for driving the transgene expression
and the size of the huntingtin gene being inserted (Table 1-2). The full-length transgenic
models include the full-length human huntingtin gene in yeast artificial chromosome
(YAC) driven by its own promoter with 128Q, 72Q, 46Q or 18Q (YAC72) (Hodgson et
al., 1999; Zeron et al., 2002; 2004; Graham et al., 2006; Shehadeh ef al., 2006; Weydt et
al., 2006; Metzler et al., 2007) and the full-length human huntingtin transgene driven by
the CMV promoter with 89Q and 48Q (Reddy et al,, 1998). Although the full-length
transgenic model YAC72 displays the striatal specific neurodegeneration at 12 months

V(Hodgson et al., 1999), they do not have behavioral abnormalities and appearance of

neuronal intranuclear inclusions (NH}) until 7 months and 11 months of age, respectively,
prior to cell death, reinforcing the idea that neuronal dysfunction is a direct correlation to
behavioral abnormalities. Since different N-terminal fragments of mutant huntingtin are

found in the human brain (Davies ef al., 1997), different truncated transgenic models
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containing different N-terminal fragments have been established. The R6 lines contain
exon 1 of the human HD gene under the control of the human HD promoter (Mangiarini
et al., 1996). The human transgene is expressed ubiquitously but at levels that are lower
thah the levels of endogenous mouse huntingtin and the two lines carry the CAG repeat
expansion of encoding the first 89 amino acids of human huntingtin with either ~115
polyglutamines (N89-115Q in R6/1) or ~150 polyglutamines (N§9-150Q in R6/2 mice).
Both R6 lines develop the same neurological phenotypes with onset of overt motor
dysfunction at approximately 8 weeks in R6/2 hemizygotes, 16 to 20 weeks in R6/1
hemizygotes (Mangiarini ef al., 1996). The mouse line developed by Schilling et al.
(1999) expresses the N-terminal 171 amino acid mouse huntingtin transgene with 82Q,
44Q or 18Q driven by the mouse prion gene promoter (N171-82Q). The N171-82Q mice
develop a phenotype starting at 2-3 months of age, depending on the expression level of
the transgene. Due to unstable transgene expression, only 1% of neurons develop
intranuclear inclusions. Another truncated model of HD contains exon 1 of human
huntingtin with 94Q driven by Tet-on/off promoter, which shows a reversible HD
phenotype (Yamamoto et al., 2000). All of these transgenic mice show one or more
abnormal motor behaviors including hindlimb clasping following tail suspension,
abnormal gait, hyper- or hypoactivity and poor rotarod performance. The details of the
different promoter and constructs used, phenotypes, brain pathology and life span are
presented in Table 1-2. The mouse models that express a full-length copy of HD gene,
unlike truncated transgenic models, are highly useful for examining the post-translational
modifications and proteolytic cleavage during the pathogenesis of HD. However, these

mice take up to 1.5 years to develop HD-like symptoms (Hodgson et al., 1999) and,
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therefore, have limited practical use for experimentation and testing potential
therapeutics. The truncated models, on the other hand, can not be used for studying
proteolytic cleavage, but the relatively fast onset of HD-like symptoms makes them
practical and inexpensive to use. There seems to be a stronger correlation between age
of onset and the development of HD phenotypes in truncated models than in full-length
models, suggesting that the truncated model may model important aspects of the human
condition.

The R6/1 and R6/2 models were used in this study (Mangiarini et al., 1996).
These mice express the exon 1 of human huntingtin transgene under the control of the
human huntingtin promoter with 115Q (R6/1) and 150Q (R6/2). The levels of transgene
expression are ~31% and 75% of the levels of endogenous huntingtin in R6/1 and R6/2
mice, respectively. The onset and the rate of progression of HD-like symptoms like
tremor, abnormal gait, weight loss, learning deficits, hypokinesia are inversely correlated
with the length of CAG repeat within the transgene in each line (Table 1-2), as is
observed in humans (Duyao ef al., 1993). Intranuclear inclusions widely occur in the
brains of R6 mice but show high density in the cortex and the striatum and they appear to
be ubiquinated (Davies et al., 1997), similar to inclusions seen in the postmortem HD
brains (DiFiglia et al., 1997). Due to their close resemblance to the human condition and
relative faster onset compared to full-length transgenic models, they are the most widely
used models for understanding the earliest gain of function of the N-terminus of mutant
huntingtin prior to cell death as well as for in vivo testing of therapeutic agents (Li et al.,

2005).
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Knock-in HD mouse models have an extended CAG repeat inserted into the
mouse huntingtin gene (Hdh). Mice that are homozygous or heterozygous for the
mutation can be raised and studied. Because knock-in HD mice carry the mutation in an
appropriate genomic and protein context, they are the most faithful genetic models for the
human condition (Levine et al., 1999; Shelbourne et al., 1999; Wheeler ef al., 1999; Lin
et al., 2001). However, knock-in mice develop behavioral abnormalities very slowly and
subtly compared to transgenic models with the same length of polyQ (Shelbourne ef al.,
1999). Several knock-in models have been generated with polyQ lengths ranging from
50 to 150Q. The only clear indication of the development of a progressive neurological
phenotype has been reported in the 150Q line, which showed hind-limb clasping,
impaired rotarod ability and gait disturbances at 40-50 weeks (Lin et al., 2001). Knock-
in mice have a mixed effect from gain of function of the mutant allele and loss of
function of the normal allele, studying transgenic mice gives an advantage of ohly
examining the gain of function of the mutant allele.

One distinct aspect of all the genetic models above is that there is very little cell
loss and no clear neurodegeneration even at the late stage of HD (Mangiarini et al., 1996;
Schilling et al., 1999; Bjorkqvist et al., 2005; Smith ef al., 2006), providing further
evidence that neurodegeneration is a late event during the progression of HD and not

directly causal to the development of symptoms.

1.4 Aggregates in the Neuropathogensis of HD
NIIs are a hallmark of HD and are present in brain tissue of HD patients (DiFiglia

et al, 1997; Gutekunst et al., 1999), in transgenic mouse models (Davies et al., 1997,
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Hodgeson et al., 1999; Schilling et al., 1999), and in cell culture models of HD (Wang et
al., 1999; Jana et al., 2000; Zemskov & Nukina, 2003). The aggregates are
immunoreactive to antisera raised against the N-terminus of huntingtin, but not to internal
or C-terminal epitopes, as well as the anti-ubiquitin antibody suggesting that aggregates
contain ubiquinated N-terminal huntingtin. Thé immunoreactive NIIs are not present in
wild-type animals and normal human brains (DiFiglia et al., 1997). The cleaved N-
terminus of mutant huntingtin specifically promotes aggregate formation. This is
consistent with studies showing that the proteolytic cleavage of huntingtin liberates the
amino terminus of both the wild-type and mutant form of the protein but the mutant form
collects in the nucleus, whereas the N-terminus of wild-type huntingtin is detectable as a_
diffuse protein in the cytoplasm (Hoogeveen et al., 1993).

Mutant huntingtin protein is capable of forming abnormal protein-protein
interactions (Harjes & Wanker, 2003). It appears that the polyQ region can form a “polar
zipper” structure where antiparallel 3-strands of polyQ are linked together by hydrogen
bonds between the main chain amides (Perutz ef al., 1995). The polar zipper hypothesis
has been supported by ir vitro studies using purified glutathione S-transferase (GST)-HD
exon 1 fusion proteins (Hollenbach et al., 1999; Scherzinger et al., 1999). The formation
of SDS-insoluble huntingtin aggregates, similarly to B-amyloid plaques found in
Alzheimer’s Disease (Harper & Lansbury, 1997) and a-synuclein Lewy bodies in
Parkinson’s Disease (Wood et al., 1999), occur by a nucleation-dependent
polymerization mechanism (Scherzinger ef al., 1999). This means that the formation of
the aggregate in the nucleus is a rate-limiting step and is dependent on protein

concentration, and in the HD case, on the length of polyQ (Hollenbach et al., 1999;
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Scherzinger et al., 1999; Gutekuﬁst et al.,, 1999). According to Perutz’s model, at
specific concentrations and polyQ length, soluble proteins or protein fragments change
from a random coil structure into a hydrogen-bonded hairpin, which form dimers, trimers
and longer oligomers. The hairpin structure slowly forms a nucleus of structured
~oligomers in an intermediate structure, which subsequently increases in molecular weight
via the recruitment of more fragments or interacting proteins and becomes an ordered
fibrillar structure, or aggregate (Perutz et al., 1995). Ultimately, aggregates reach a size
that, with appropriate staining, can be viewed by histological means.

It is still controversial whether Nlls are pathologic, coincidental or
neuroprotective in HD (Sisodia, 1998; Yu ef al,, 2002; Bates, 2003; Shastry, 2003;
Arrasate et al., 2004). Oné controversy arises from the fact that neurons with inclusions
do not correspond to the neurons that show the most prominent neuronal dysfunction. In
R6/2 mice, Nlls increase in size and prevalence more rapidly in the cortex than in the
striatum (Meade ef al.,, 2002). However, reduced mRNA level of cannabinoid receptor
type 1 (CB1) was found in the striatum and very few isolated cortical neurons despite the
fact that the CB1 mRNA are expressed in neurons throughout the cortex and the striatum
(Denovan-Wright & Robertson, 2000; McCaw et al., 2004); In the striatum, NlIs are
larger and more frequent in large interneurons, which are spared in HD, compared to
medium spiny projection neurons, which are selectively affected in HD (Meade ef al.,
2002). In post-mortem HD brains, the cerebral cortex has the highest number of
aggregates whereas the aggregates in the caudate nucleus are comparatively rare
(DiFiglia et al., 1997; Gutekunst ef al., 1999). A second controversy stems from whether

NIiIs are functionally correlated to neurodegeneration. Several studies have argued
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against a direct association between NIIs and neurodegeneration (Saudou et al., 1998;
Arrasate et al., 2004; Schaffar et al., 2004; Slow et al., 2005). The formation of NIIs
found in a cell culture model of HD does not contribute to cell toxicity (Saudou et al,
1998). The full-length transgenic mice YAC72 do not show any detectable aggregates |
despite behavior abnormality and striatal degeneration at 12 months of age (Hodgson et
al., 1999). The shortstop mice containing exon 1 and 2 of human huntingtin transgene do
not develop behavioral abnormalities and neurodegeneration despite widespread neuronal
inclusions in the brain (Slow et al., 2005). Striatal neurons die without the formation of
NIIs but the presence of NIIs predicts the improved survival of neurons in a cell culture
model of HD (Arrasate ef al., 2004). These studies suggest that the formation of NII does
not contribute to neurodegeneration and vice versa. A third controversy comes from
studies that both blocking and promoting the formation of inclusions appear to be
beneficial to ameliorate HD symptoms. Azo-dye Congo red binds preferentially to B-
sheets containing amyloid fibrils, inhibits polyQ oligomerization and promotes the
clearance of expanded polyQ repeats in vitro (Heiser et al., 2000; Smith et al., 2001;
Poirier et al., 2002). Chronic treatment of R6/2 mice with Congo red appears to clear
aggregates from the brain and improve weight loss and motor function after the onset of
symptoms at 8§ weeks and extend the lifespan (Sanchez et al., 2003). However, a similar
study suggests that systematic infusion of Congo red does not improve motor, behavioral
deficits, weight loss and cognitive function in R6/2 mice (Wood ef al., 2007). The
opposing observations using Congo red in the same mouse model indicate that whether
the clearance of aggregate by Congo red contributes to improved neuronal function

remains uncertain. Importantly, since Congo red can not pass the blood brain barrier and
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it is difficult to see how intranuclear aggregates in the brain are disrupted by Congo red
unless the drug gets into the brain. On the other hand, promoting inclusion formation in
cellular models of HD prevents huntingtin-mediated proteasome dysfunction and lessens
cell pathology (Bodner ef al., 2006), suggesting that inclusions may be a means for cells
to remove the toxic form of mutant huntingtin and survive longer.

The controversies regarding the role of aggregates during HD pathogenesis is
associated with a key question: What form of mutant huntingtin is most toxic? All data
from cells and animal models of HD rely on the expression of soluble monomeric forms
of huntingtin with extended polyQ as the precursor of aggregate formation. Following
the expression of the transgene proteins in transgenic mice or following transfection of
huntingtin constructs in cells, toxicity could come from the monomer, misfolded
monomer, intermediate aggregates or some form of mature aggregates. All these states
are present and they could directly cause neuronal dysfunction prior to the manifestation
of behavioral abnormalities and the detectable NIIs. In vivo studies tend to rely on the
immunoreactivity of the N-terminal huntingtin antibody EM48 or anti-ubiquitin antibody
for the detection of NIIs without necessarily linking different forms of mutant huntingtin
during the aggregation process with the neuronal dysfunction or neuronal death.
Moreover, there is evidence that human huntingtin-specific antibodies are highly specific
to different forms of the protein (Miller ef al., 2005; Wolfgang et al., 2005), such that
measurement of the presence or absence of human huntingtin in different studies
presented in the published literature may not represent an accurate picture of the states of
the disease in relation to the presence of the protein, the form of the protein or the

subcellular distribution of the protein. On the other hand, terminal transferase dUTP nick
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end labeling (TUNEL) is usually employed as a means to quantify cell death in most of
papers on HD but this technique cannot be used to quantify cells that are in the process of
dying from those that are not functioning properly but will survive. Using siRNA
molecules for lowering the synthesis of mutant huntingtin in vivo appears to improve the
HD-like symptoms and reverse the decreased DARPP32 and preproenkephalin mRNAs
in HD transgenic mice (Harper et al., 2005; Rodriguez-Lebron et al., 2005). Using a Tet-
on/off system, Yamamoto et a/ (2000) provided in vivo evidence that stopping synthesis
of mutant huntingtin in HD94 mice controlled by a Tet-on/off promoter for a period of
time results in a reversal of hind limb clasping phenotype and recovéry of dopamine D1
receptor levels. These data suggest that soluble huntingtin causes neuronal dysfunction
and ultimately leads to behavioral abnormalities in HD. It has been proposed that
aggregate formation in neurons represents a coping mechanism in cells. Aggregrate
formation would reduce the concentration of toxic, soluble mutant huntingtin when
mutant huntingtin reached a specific concentration in neurons (Arrasate ef al., 2004).
Transient expression of various lengths of mutant huntingtin construct does not show
NIIs but altered cell function, such as aberrant protein-protein interactions (Li et al,
1995; Wanker ef al., 1997; Kahlem et al., 1998; Sittler ef al., 1998, Boutell et al., 1999;
Borrell-Pages et al., 2006), altered gene expression (Boutell ef al., 1999; McCampbell ef
al., 2000; Shimohata et al., 2000; Steffan et al., 2000; Nucifora et al., 2001; Dunah et al,
2002; Li et al., 2002; van Roon-Mom et al., 2002; Zhai et al., 2005; Cui et al., 2006;
Kazantsev & Hersch, 2007), changes in vesicular trafficking (Hilditch-Maguire ef al.,
2000; Trettel e al., 2000; Trushina et al., 2006; Tagawa et al., 2007), suggesting these

processes precede the formation of NIIs. Taken together, it appears that soluble N-
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terminal huntingtin with an extended polyQ tract within the nucleus may initiate a
cascade of events that lead to neuronal dysfunction. Following changes in cell
physiology in response to the initial changes induced by mutant huntingtin throughout the
brain, cognitive, psychiatric and motor impairment develop followed by selective
neurodegeration. The intracellular changes that have been studied are summarized in

figure 1-1.

1.5 Early Changes in Specific Gene Expression in HD

The N-terminal fragment of mutant huntingtin readily enters the nucleus. This
observation leads to studies of gene expression in the striatum using microarrays and
gene-specific surveys (Cha et al., 1998; Cha et al., 1999; Denovan-Wright & Robertson,
2000; Luthi-Carter et al., 2000; 2002; Chan ef al., 2002; Hebb et al., 2004; McCaw et al.,
2004; Gomez et al., 2006; Desplats et al., 2006). Among ~6000 mRNAs surveyed in the
striatum of R6/2 mice, Luthi-Carter ez al. (ZO‘OO) determined that only 1 to 2% of genes
had differences in relative expression, among which were genes involved in
neurotransmitter signaling and second messenger systems. This early study examined
changes in gene expression in 6 week-old R6/2 mice which already have detectable NIIs
and rotarod disabilities (Mangiarini ef al., 1996; Luesse et al., 2001; Meade ef al., 2002).
Genes that are responsive to inflammatory mediators were also increased at this time
point but those involved in mitochondrial functions, caspase activation and apoptosis

related signaling did not change until a time point (12 weeks) when the R6/2 mice are
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Figure 1-1. Intracellular changes that have been demonstrated to occur in transgenic
mice and cells. Full-length mutant huntingtin is cleaved by proteases in the cytoplasm,
leading to the formation of cytoplasmic and neuritic aggregates. Cleaved N-terminus of
mutant huntingtin translocates to the nucleus where it affects transcription and forms NIIs
through abnormal protein-protein interactions. Mutant huntingtin also affects
mitochondria function, calcium homeostasis, caspase activity which all lead to
excitotoxcity of striatal neuron. Excitotoxicity can be mediated by NMDA receptors,
which leads to Ca?* influx. Mutant huntingtin alters axonal transport thus that less
trophic supports such as BDNF can be obtained from the cortical neurons. (NIis, neuronal
intranuclear inclusions) (Borrel-Pages ef al., 2006 and Li & Li, 2006 and references
therein)
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severely disabled and close to death. This supports the notion that excitotoxic pathways
altered by HD are a late event and maybe secondary to the initial alteration of mRNAs
involved in second messenger systems and that cell death and apoptosis pathways are not
altered due to absence of striatal neurodegeneration in these mice. Genes whose
expression is affected in 6 week-old R6/2 are also affected in 4 month-old N171-82Q
transgenic mice; at this time point, the N171-82Q mice also show behavioral
abnormalities. The mRNA changes in the cerebellum in 12 month-old N171-82Q mice
have been compared to transgenic mice containing the larger N-terminus of huntingtin
protein HD46 (964 amino acids of the N-terminal human huntingtin protein with 46Q)
and full-length transgenic model YAC72 mice (Chan ef al., 2002). It appeared mRNAs
involved in signaling and neurotransmitter receptors do not change in mice expressing
larger N-terminus or full-length fragment of mutant huntingtin protein (Chan et al.,
2002), supporting that altered gene expression governing second messenger and
neurotransmitter receptor signaling is specific to the short N-terminal model of HD
transgenic mice. This again reinforces the rationale that the N-terminal model is a better
model to study the most early and prominent mRNA alterations.

HD, in fact, belongs to a family of neurodegenerative diseases caused by
expansion of polyQ in different proteins. This family includes dentate-rubral and pallido-
luysian atrophy (DRPLA), spinal and bulbar muscular atrophy (SBMA) and the
spinocerebellar ataxia (SCAs) 1, 3, 6, 7, 17 (Helmlinger et al., 2006; Riley & Orr, 2006).
These polyQ diseases all show adult onset and progressive neurodegeneration and each
possesses a unique pattern of neurodegeneration in different regions of the brain,

suggesting that the common disturbances of these diseases are related to polyQ but the
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unique disturbances may be related to polyQ in the context of specific proteins. Luthi-
Carter ef al. (2002b) found overlapping gene expression changes at fully symptomatic
ages of mouse models of DRPLA, SCA7, SBMA and HD (N171-82Q and R6/2
transgenic mice), indicating that these changes are associated with long-term expression
of polyQ-containing proteins that is unlikely to reflect a protein-context dependent effect.
In other words, protein-context dependent changes in gene expression are directly
associated with neuronal dysfunction and ultimately neurodegeneration in a specific
population of neurons in each of these polyQ diseases.

Microarray data from grade 0 HD human brains, which do not have
neurodegeneration, show that the altered mRNAs in HD display a regional pattern that
parallels the known pattern of neurodegeneration: caudate > motor cortex > cerebellum
(Hodge et al., 2006), indicating that regional-specific neuronal dysfunction precedes
neurodegeneration. These authors also observed that there is a similar group of genes
affected in the cortex and the striatum, indicating the striatal neurons and cortical neurons
share similar molecular mechanism of HD-induced neuronal dysfunction. Although
many studies have focused on the striatum, changes in the cortex might not be excluded
from the pathogenesis in HD.

All microarray studies have suggested that a specific set of striatal mRNA are
decreased prior to NII formation and they are not associated with neuronal death. It
remains to be determined whether changes of this group of genes reflect an immediate
neuropathogenesis caused by mutant huntingtin and how these early changes lead to

behavioral phenotypes before the abnormal aggregation is initiated.
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1.6 Transcriptional Dysregulation in HD

Overwhelming evidence indicates that the behavioral phenotypes seen in mouse
models of HD are caused by neuronal dysfunction. Decreased mRNAs of selective
neurotransmitter receptors, including CB1, glutamate receptors (mGluR1 and mGIuR3),
dopamine D1 and dopamine D2 receptors, were found in R6 transgenic models prior to
the onset of the behavior abnormalities (Cha er al., 1998; Cha ef al., 1999; Denovan-
Wright & Robertson, 2000). Decreased mRNA and proteins of signaling molecules such
as dopamine responsive phosphoprotein 32 kDa (DARPP32), phosphodiesterase (PDE)
10A and PDE1B, preproenkephalin were found in R6 models, knock-in models and early
grade autopsy tissues of HD (Augood et al., 1996; Bibb et al., 2000; Menalled et al.,
2000; Hebb et al., 2004; Gomez et al., 2006). These studies strongly suggest that the N-
terminus of mutant huntingtin in the nucleus in R6 models affects transcription of these
genes, which might be one of earliest molecular alterations directly caused by the mutant
protein (Fig. 1-2). However, it remains largely unknown how the N-terminus of mutant
huntingtin causes the levels of speciﬁé mRNAs to decrease while not affecting levels of
other genes that are co-expressed in the same cells such as glutamic acid decarboxylase
65 and 67 (GADG65, GAD67) (Menalled et al., 2000) and NMDA receptor type 1
(NMDA-R1) (Chen-Plotkin et al., 2006).

In the nucleus, many huntingtin binding partners have been identified by yeast

two hybrid, co-immunoprecipitation (Co-IP), and GST-pull down assays. These include
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Figure 1-2. Illustration of the progression of HD in R6/1 transgenic mice. The light
blue bar represents the life span R6/1 mice. Several key pathologic events that occur in
R6/1 mice are illustrated above or under the bar. Their time of occurrence are indicated
by arrows toward the bar. (Mangiarini et al., 1996; Li ef al., 2005 and references therein)
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cAMP response element binding protein (CREB) binding protein (CBP) (McCampbell et
al., 2000; Nucifora et al., 2001; Shimohata et al., 2000), specific protein 1 (Sp1) (Li et
al., 2002; Dunah et al., 2002), TATA box binding protein (TBP) (van Roon-Mom ef al.,
2002), p53 (Steffan et al., 2000; Bae et al.,, 2005), C-terminal binding protein
(CtBP/p300), p300/CBP associated factor (P/CAF) (Chai et al., 2001; Kegel et al., 2002),
nuclear co-repressor protein (NCoR) (Boutell ef al., 1999) and transcription association
factor 1130 (TAFII130) (Dunah et al., 2002). However, it is not known how these
ubiquitously expressed factors functionally cause decreased transcription of a specific set
of mRNA in HD. Some mRNAs for transcription factor themselves are altered in the
caudate nucleus of grade 0 HD human brain (Hodges ef a/., 2006), implying that mutant
huntingtin might have a cascade effect on transcription by decreasing expreésion levels of

certain transcription factors that then further perturb regulation of gene expression.

Involvements of Sp1, CBP and basal transcription machinery in HD

Spl is a ubiquitously expressed transcriptional activator whose major function is
to recruit the general transcription complex TFIID to DNA (Courey & Tjian, 1988).
TFIID is a large multiprotein complex which contains TBP and multiple TBP-associated
factors (TAFs) (Albright & Tjian, 2000). It has been shown that the N-terminal mutant
huntingtin protein interacts with Sp1 in a polyQ-length dependent manner in the brains of
R6/2 mice and human HD patiernts by in vitro binding and immunoprecipitation studies
(Dunah et al., 2002; Li et al., 2002). Transiently expressed full-length mutant huntingtin
decreases the promoter activity of the dopamine D2 receptor gene in primary striatal

cells. Over-expression of Spl and TAFII130, one of components in TFIID, rescues the
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repressed promoter activity and cell toxicity induced by mutant huntingtin (Dunah ef al.,
2002). The soluble form of mutant huntingtin inhibits Sp1 binding to the promoter of
nerve growth factor receptor (NGFR) thus suppressing NGFR transcriptional activity (Li
et al., 2002). Based on these observations, therefore, it is hypothesized that mutant
huntingtin sequesters Sp1 from binding to its target promoter sites and decreases
transcription. However, one important question that has not been addressed in these
studies is how ubiquitously expressed Spl interacting with soluble mutant huntingtin
causes transcriptional dysregulation of a subset of genes. Moreover, the role of Spl in
mutant huntingtin-induced transcription dysrégulation has been challenged by the finding
that there is increased Spl expression and DNA binding activity in the brains of R6/2
mice and PC12 cell model of HD (Qiu ef al., 2006). Suppression of Spl expression by
Spl siRNA in PC12 cells expressing mutant huntingtin ameliorates the cell toxicity.
Treatment of mithramycin A, an antibiotic that selectively blocks Spl binding to GC rich
region, abolishes the 3-NP induced cell toxicity in PC12 cells (Qiu et al., 2006). The
authors concluded that inhibition of Sp1 is neuroprotective. However, the 3-NP lesion
model of HD is a model that only represents a pattern of striatal neurodegeneration,
which is a late stage event during the progression of HD in animal models and HD
patients thus not the underlying mechanism of HD (Beal et al., 1993; Borlongan ef al,
1997; Brouillet ef al.,, 1999). Increased expression of Spl might be a compensatory event
accompanying excitoxicity. Amelioration of cell toxicity by mithramycin treatment may
not be directly associated with correction of Spl mediated transcriptional dysregulation
but likely through a Sp1 independent mechanism. Therefore, the role of Sp1 in mutant

huntingtin mediated transcriptional repression remains unclear.
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Several polyQ disease proteins have compromised CRE-mediated transcription.
CBP have been detected in aggregates of several polyQ-containing disease proteins
including androgen receptor (SBMA disease protein) (McCampbell ef al., 2000), ataxin-3
(SCA3 causing protein) (Chai et al., 2001) and atrophin 1 (DRPLA disease protein)
(Nucifora et al.,, 2001), implying a common transcriptional defect mediated by CBP in all
three diseases. CBP has been found in mutant huntingtin-containing aggregate, both in
vivo and in vitro. It appeared that the interaction between CBP and mutant huntingtin
protein is mediated either through the polyQ-rich activation domain (Nucifora et al.,
2001) or the acetytransferase domain (Steffan ef al., 2000). Inactivation of CBP histone
acetyltransferase activity by mutant huntingtin can lead to decreased histone acetylation.
Since decreases in histone acetylation are associated with transcriptional silencing and
this could conveniently explain transcriptional repression in HD, increasing histone
acetylation by histone deaceylation (HDAC) inhibitor may provide a strategy for
compensating for decreased transcription in HD. HDAC inhibitors suberoylanilide
hydroxamic acid (SAHA) and sodium bﬁtyrate dramatically improve body weight and
motor performance and extend the lifespan in R6/2 mice (Ferrante et al., 2003; Hockly et
al., 2003). These drugs show neuroprotective effects in the PC12 inducible model,
fruitfly model and C. elegans model of HD (Steffan ef al., 2001; Igarashi et al., 2003;
Bates ef al., 2006). However, it is intriguing how treatment with HDAC inhibitors,
which, in theory, broadly increases histone acetyltransferase activity, would specifically
increase transcription of some reduced mRNAs in HD.

Recently, using an in vitro transcription system with individually purified

transcription factors TFIIA, TFIIB, TFIIE, TFIIF and affinity purified TFIID, TFIIH,
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RNA polymerase II (RNA pol II), Zhai et al. (2006) showed that increasing amounts of
TFIID, TFIIF and Spl can rescue mutant huntingtin mediated transcriptional repression
of the dopamine D2 receptor gene. They also showed that increasing amounts of TFIIB
and RNA pol II further decrease the mutant huntingtin-mediated transcriptional
repression on the D2 promoter, suggesting that saturation of these two factors has
negative effects on transcription. The authors did not comment on this observation.
Human TFIIF is composed of two subunits RAP30 and RAP74 and association of these
two subunits is required for normal function of TFIIF (Robert et al., 1998). Anti-RAP30
antibody is able to co-immunoprecipitate mutant huntingtin in striatal extracts isolated
from heterozygous knock-in HD mice and such interaction is present in COS7 cells co-
transfected with RAP30 and mutant huntingtin. Over-expression of RAP30 in primary
striatal neurons can rescue mutant huntingtin mediated repression of the D2 receptor
promoter and prevent cell death. However, this study fails to address whether such
interaction is specific between ubiquitously required RAP30 and mutant huntingtin and
whether such interaction is present in non-affected genes in the striatum of HD transgenic

models and HD patients.

Unresolved puzzles of transcription dysregulation in HD

Based on the information available regarding the expression of mutant huntingtin
and the natural history of the disease, our working hypothesis is that the mutant
huntingtin protein causes transcriptional dysregulation of a specific subset of genes early
in HD progression and that this abnormal function of mutant huntingtin initiates a

cascade of events that leads to progressive loss of function and ends in cell death of some
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cells. While previous studies have demonstrated that mutant huntingtin interacts with
transcription factors, these studies may represent experimental systems that allow
interactions to occur even though such interactions may not occur in vivo because of low
affinity or inter- or intracellular segregation of the proteins. None of the interactions
between mutant huntingtin and individual ubiquitous proteins explain how mutant
huntingtin causes reduction of transcription in a cell-, gene- and temporal-specific

manner.

1.7 Objectives

Whatever the actual consequence of alteration of the regulation of any one gene
or even all affected genes, HD is caused by mutant huntingtin. As such, our goal was to
contribute to the understanding of the abnormal function of mutant huntingtin with
respect to transcriptibn. Specifically, we hoped to clarify the unresolved features of
altered transcription in HD. Understanding the mode of transcription in these systems
would help identify key mediators in mutant huntingtin-induced early molecular events
that lead to neuronal dysfunction. In this study, we employed a systematic approach
using one gene as a model to explore how the N-terminus of mutant huntingtin exerts
transcriptional repression. The criteria for choosing the model gene were 1) this gene is
highly expressed in the striatum, yet not confined in expression solely to the striatum, 2)
expression of this gene is not normally regulated in response to neuronal activity, natural
aging, or other pathogenic states, 3) there is evidence that the mRNA levels of this gene
decreased relatively early in one HD animal model, 4) the gene is expressed in other

places in the brain and body such that we could compare gene expression in various
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tissues and in the presence of mutant huntingtin, and 5) the gene is an important
signaling molecule and there is a body of literature on its normal function thus allowing
us to link the mechanism of transcriptional dysregulation to general neuronal dysfunction.
Phosphodiesterase (PDE) 10A was chosen for this study because it met several of the
criteria. PDE10A is an enzyme that hydrolyzes second messengers, cyclic AMP and
cyclic GMP (cGMP), regulating many biologic processes (Hebb & Harold, 2007; Xie ef
al., 2006). PDE10A belongs to a large and diverse PDE family including 11 family
members that differ in biochemical properties, tissue and cellular expression pattern and
substrate specificities (Beavo, 1995; Soderling & Beavo, 2000). Among the family,
PDEI10A, PDE1B and PDE4 and PDE7B are highly expressed in the brain (Polli &
Kincaid, 1992; Hebb et al., 2004; Reyes-Irisarri et al., 2005). The PDE10A and PDE1B
mRNAs are decreased in several HD transgenic models and human HD patients (Luthi-
Carter et al., 2000; Chan et al., 2002; Luthi-Carter et al., 2002a; Hebb et al., 2004;
Desplats et al., 2006; Hodges et al., 2006). Understanding the mechanism whereby
mutant huntingtin alters PDE10A gene expression in mice, cells and in vitro models of
HD may provide a new strategy to undérstand the specificity of transcriptional
dysregulation via mutant huntingtin.

To determine the mechanism of mutant huntingtin-induced transcriptional
dysregulation, the specific experiments completed during the course of this study were
designed to answer the following questions:

1. What is the spatial distribution, onset and rate of decline, and final

steady-state mRNA levels of PDE10A?
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2. What is the structure of the gene, mRNA and the control region(s) of

PDEI10A in the brain and in other tissues?

3. Are all PDE10A isoforms equally susceptible to the effects of mutant
huntingtin?
4. Does the expression of mutant huntingtin alter the rate of transcription

or the stability of mRNAs encoded by mutant huntingtin-affected
genes?

5. What are the functional promoters of each of the genes that have
altered transcription initiation and are there “mutant huntingtin-
response elements” within the PDE10A promoters?

6. Does mutant huntingtin act within a neuron to directly affect
transcription or does mutant huntingtin alter intracellular signaling that
in turn alters gene expression?

7. Does mutant huntingtin affect transcription factor activity or chromatin
structure or both?

8. Are changes in transcription factor activity due to a direct interaction of
mutant huntingtin protein?

9. Can we identify protein factors that directly interact with mutant
huntingtin and affect promoter activity?

10. Can we test the contribution of mutant huntingtin-interacting proteins
or block the effects of mutant huntingtin on transcription?

Our goal was to define the aberrant function of mutant huntingtin with respect to

the abnormal expression of one gene that may illustrate common mechanisms of mutant
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huntingtin-induced transcriptional dysregulation. In addition to contributing to the
understanding of HD, this work may also contribute to our understanding of coordinated

neuron-specific gene expression.



CHAPTER 2
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2.1 Animals

Wild-type (C57B/B/6J), R6/1 [B6CBA-Tg(HDexonl)61Gpb/2J] and R6/2
[B6CBA-Tg(HDexon1)62Gpb/1J] mice (Mangiarini ef al., 1996) were originally
purchased from Jackson Laboratory (Bar harbor, ME, USA). The R6/1 and R6/2
transgenic lines were established and maintained by crossing hemizygous carrier R6/1
and R6/2 males with wild-type females. All protocols were in accordance with the
guidelines detailed by the Canadian Council on Animal Care and approved by University
Committee on Animal Care at Dalhousie University. Mice were genotyped at the time of
weaning (3 weeks of age) and at the time of death using a piece of ear-punch tissue. All
chemical reagents were from Fisher Scientific Canada unless otherwise specified. The
tissue was digested in 100 pl lysis buffer [10 mM Tris-HCI, pH 8.0, 5 mM
ethylenediaminetetraacetic acid (EDTA), pH 8.0, 50 mM sodium chloride (NaCl), 0.5%
Tween 20 (v/v) and 20 mg/ml proteinase K (Roche Applied Science, IN, USA)] at 55°C
for 4 hours (hrs). Twenty microliters of lysate was then neutralized with 180 ul of
neutralization buffer from REDExtract-N-Amp Ready Mix for Blood kit (Sigma-Aldrich
Canada, Oakville, ON) and 5 pl of final mixture was used as a template for polymérase
chain reaction (PCR) following instructions from the same kit. PCR was performed
using primers HD1 and HD-trans (Table 2-1) to amplify a region of the human HD
transgene. To isolate tissue, mice were deeply anaesthetized using sodium pentobarbital
(65 mg/kg). For isolating RNA, following decapitation, dissected striata and testes were
rapidly frozen in liquid nitrogen and stored at -80°C. For in situ hybridization, brains

were immediately stored at —80°C. For isolating nuclear fractions, striatal tissues were
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Table 2-1. PCR primers and oligonucleotides.

Name Source Direction Sequence
RT-PCR
Pl Exon 1' Sense  5’-TGGAAAAATTATATGGTTTGACG-3’
P2 Exon25  Antisense 5’-CCACGGAGTAGCCGACGTCTGAAC-3
P3 Exon la Sense  5’-ACATGGAAGATGGACCCTCTA-3’
P4 Exon25  Antisense 5’-AGGATGAGGTATCTTCTGGAATAATC-3’
qRT-PCR
RTI Intron 1a  Antisense 5’-TGATGGGCGGTCCCGAACGTCCCT-3’
RT2 Exon 5 Antisense 5’-GCCCGTGTCCAGGCGCTGCTCTATGTA

HPRTS NMO013556°
HPRT AS NMO013556

G-3’
Sense  5’-GCTGGTGAAAAGGACCTCT-3’

Antisense 5’-CACAGGACTAGAACACCTGC-3’

In situ hybridization

5’-GACCAATGTCAAAGTGGAATAGCTCGA

HDA40 Exonl14 Antisense TGTCCCGGC-3’

HD1 Exon 25 Antisense Z (—}(X;%CA/F}XC]}%%(;(;ATATACTCCAGACAAC
HD88 Exonla  Antisense 5’-GGACGCTCAAGGGAGCTGCCTCTTGT-3’
S’RLM-RACE

GSP1 Exon la  Antisense 5-GCCGCCAAAGAGTTCGGCCACC -3’
GSP2 Exonla  Antisense 5’-TTGAATCGCAGGCGAGAGGAAGAG -3
GSP3 Exon | Antisense é ’_—SCAGCTCAGCTCTTGGGTTTGGCATCA
GSP4 Exon | Antisense Z:3€3GTCTTCCAGCTCAGCTCCCTCTGGTC
Genotyping
HD1 XM003405 Sense  S’AGGGCGTGTCAATCATGCTGGY
HDtrans XMO003405 Antisense 5’GGACTTGAGGGACTCGAA3Z’
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Name Source Direction Sequence
PCR of the PDE10A2 promoter
5%1913 AY360383 Sense  S’AGATCTTGGTTGAGGGGAGTCGGCAAG 3’
I—ﬁr;)déil AY360383  Antisense 5’AAGCTTGCCGCCAAAGAGTTCGGCCACCY’

HD80 AY360383

Sense  5’AGTACAGTGGGCCTGAGCCTGGCCC3’
5> GAAAATCCGAGGAGTCCGCG ¥’

HD91  AY360383 Antisense

B i seme S AGATCTTCATCTICCTGGTACTICTGGCCG

Bl \vings  Sense S ACATCTACAAGAGGCAGCTCCCTTGAGCG

Ml AY360383  Antisense 5’AAGCTTGTCCTCCTCCTCCGCCGCCGCS'
PCR of the GAD6S5 promoter

mOAD®Y  AB032757  Sense  S'GGTACCTCAGCTCTCACCCACTCCAAGA3

mOADSY  AB032757 Antisense 5'CTCGAGGTTCTGCTAGACTGGCGCTGY

'Exon numbers as defined in Genbank Accession Number:AY360383.
2Genbank accession number.
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dissected and put in a ice-cold petri dish temporarily until nuclear extraction. All efforts

were made to minimize the number of animals used.

2.2 Total RNA and Genomic DNA Isolations
Total RNA isolation

Total RNA was isolated from frozen striata and testes of various ages of wild-type
and R6 mice using Trizol™ reagent (Invitrogen, Burlington, ON). All buffers, reagents,
glasswares and plasticwares were treated to be RNase-free as described in Sambrook et
al. (2000). Striata dissected from a mouse (15~20 mg) or testes from a mouse (30 mg)
was homogenized in 200 pl of Trizol using a motored pestle. Trizol reagent (800 pl) was
added to the homogenate and mixed well. The mixture was incubated at room
temperature for 5 minutes (min). Chloroform (0.2 ml) (Fisher Scientific, Mississauga,
ON) was added to the homogenate and the homogenate was subjected to centrifugation at
12,000 x g at 4°C for 15 min. The RNA in the aqueous phase was removed to a clean
microfuge tube and 500 pl of isopropyl alcohol (Fisher Scientific) was added. The
mixture was inverted several times and incubated on ice for 10 min to precipitate the
RNA. The mixture was centrifuged at 12,000 x g at 4°C for 10 min to obtain the RNA
pellet. The pellet was washed once with 75% (v/v) ethanol and centrifuged at 7,500 x g
at 4°C for 5 min. The RNA pellet was air dried for 10 min at room temperature and

dissolved in RNase-free H,O at 55°C for 5 min. The RNA was stored at -80°C.

Genomic DNA isolation
Genomic DNA was isolated following a standard protocol (Sambrook et al.,

2001). Striatal tissue from one mouse (15-20 mg) was incubated in 4 ml lysis buffer [20
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mM Tris-HCI, 5 mM EDTA pH 8.0, 400 mM NaCl, 1% (w/v) SDS, 25 ng/ml RNase
A/T1] with gentle shaking for 20 min at room temperature. After incubation, 45 ul of 0.5
M EDTA and 20 pl of 20 mg/ml Proteinase K were added and the mixture was allowed
to gently shake overnight at 55°C. An equal volume of phenol:chloroform:isoamylalchol
(25:24:1) (pH 8.0) (Invitrogen) was added to the lysate and the mixture was subjected to
centrifugation at 2,500 x g for 5 min. An equal volume of isopropyl alcohol was added to
the recovered aqueous phase and the solution was subjected to centrifugation at 12,000g
for 15 min at 4°C. The DNA pellet was dissolved in 0.6 ml of TE buffer [10 mM Tris-
HCl, 1 mM EDTA, pH 8.0] at 4°C overnight with shaking. The DNA was stored at -
20°C. RNA and DNA concentration was determined by spectrophotometry at 260 nm

and 280 nm (Sambrook et al.,, 2001).

2.3 PCR and Plasmid Construction
Polymerase chain reaction

Polymerase chain reaction (PCR) was employed to obtain PCR fragments for
cloning and in vitro transcription. Primers used in PCR are listed in Table 2-1. A typical
PCR reaction was performed in a 20 pl reaction containing a final concentration of 1 x
QIAGEN hot start polymerase buffer, 20% Q-solution, 500 uM dNTP (Fermentas,
Burlington, ON, Canada), 0.5 uM the sense primer, 0.5 uM the antisense primer and 2
unites (U) of QIAGEN hot start polymerase (QIAGEN, Mississauga, ON, Canada). For
amplifying the promoter regions of PDE10A and GADG63, 5 ng of genomic DNA was
used in both PCR reactions. The PCR parameter started with incubation at 95°C for 15

min to activate Hotstart polymerase, followed by 35 cycles of denaturation at 95°C for 1
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min, annealing at 58°C (PDE10A) or at 62°C (GAD65) for 2 min and extension at 72°C

for 1 min, followed by a 10 min extension at 72°C.

Plasmid construction

PCR products were resolved in agarose gels in 0.5 x TBE buffer [44.5 mM Tris,
44.5 mM Boric acid, ] mM EDTA and 0.25 pg/ml of ethidium bromide and visualized
under ultraviolet (UV) illumination. PCR products were excised from the gel and gel-
purified using GenElute Gel Extraction Kit as per the manufacturer’s instructions
(Sigma-Aldrich). Purified PCR products were ligated into pPGEM-T vector using the
pGEM-T TA cloning system I (Promega, Madison, WI, USA). Ligation reaction was
incubated at 4°C overnight with a 3:1 ratio of insert to vector. The ligated DNA was
then recovered from the ligation buffer following ethanol precipitation to remove salt and
then resuspended in 5 pl of double-distilled H,O (ddH,0). One to five microliters of
ligated DNA (~ 20-50 ng) was electroporated into DH10B™-T1R electrocompetent cells
(Invitrogen) according to a standard electrotransformation protocol in Sambrook et al
(2000). Colonies were inoculated in 3 ml 2 x YT broth [1.6% (w/v) tryptone, 1% yeast
extract (w/v), 0.5% NaCl (w/v)] overnight at 37°C. Purification of plasmid DNA was
performed using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich).

For constructing PDE-pGL3 and GAD65-pGL3 constructs, pPGEM-T plasmids
containing inserts of appropriate size were digested using Bg/Il/HindIlI (for PDE-PGL3)
and Sacl/Xhol (for GAD65-pGL3) to release cohesive-end insert DNA . Cohesive-end
inserts were then ligated with compatible cohesive-end pGL3 basic vector (Promega).
Ligation, electrotransformation, inoculation and minipreps were the same as described

above. The constructs containing > 1 kb insert DNA were commercially sequenced
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(York University, ON, Canada). The constructs that contained < 1 kb insert DNA were
sequenced using T7 Sequencing™ Kit (GE Healthcare Lifescience) following the

manufacturer’s protocol.

2.4 RT-PCR

Reverse transcription-PCR (RT-PCR) was used to amplify PDE10A splice
variants from the mouse striatum and testis. One microgram of total RNA (10 pl volume,
in RNase-free H,O) and 0.1 pg of oligodeoxythymidine [primer (p(dT);2-15 )] (Invitrogen)
were mixed and denatured at 95°C for 5 min and cool rapidly on ice. A mixture of 200
mM dNTP, 40 U of RNasin® Ribonuclease Inhibifor (Promega) and 5 U of reverse
transcriptase PowerScript™ (BD bioscience, Palo Alto, CA, USA) were added to the
annealed primer and RNA and allowed to incubate at 42°C for 1 hour, followed by
heating at 70°C for 5 min to denature the reverse transcriptase. For amplifying PDE10A
¢DNAs, 1 pl of RT reaction was used in RT-PCR. Primers used in RT-PCR are listed in

Table 2-1.

2.5 Northern Blotting

A Northern blot was prepared by fractionating 10 ug of total RNA isolated from
wild-type mice striata and testes on a 1% denaturing formaldehyde agarose gel following
standard protocols (Sambrook et al., 2001). Methods for radiolabelling the probe,
hybridization and post -hybridization washes are described in (Denovan-Wright ef al.,
1998). The hybridization probe was obtained by PCR amplification of the coding region

of PDE10A ¢DNA. The PCR product (25 ng) was denatured at 95°C for 3 min and
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radiolabelled in a 10 ul reaction containing 50 pCi [a-> *P]dCTP (3000 Ci/mmol) (Perkin
Elmer, Wellesley, MA, USA) and the Ready-to-Go dCTP labelling reaction bead (GE
Healthcare Lifescience) at 37°C for 30 min. Unincorporatated nucleotides were removed
using a Sephadex G-25 column (GE Healthcare Lifescience). The activity of the purified
probe was determined in a Beckman liquid scintillation counter (LS6000) as counts per
min (c.p.m.). The blot was subjected to a 4 hrs pre-hybridization step in prehybridization
buffer [S0% formamide, 5 x sodium chloride-sodium citrate (SSC), 1 x Denhardt's
reagent (Sigma), 20 mM sodium phosphate (pH 6.8), 0.2% sodium dodecyl sulfate
(SDS), 5 mM EDTA, 10 mg/ml poly A, 50 mg/ml sheared salmon sperm DNA, 50 mg/ml
yeast RNA] at 42°C. After prehybridization, the blot was incubated with radiolabelled
probe (5x10° ¢.p.m./ml) allowing annealing between probe and target RNA in
hybridization buffer [50% formamide, 5 x SSC, 10% dextran sulfate, 1 x Denhardt's
reagent, 20 mM sodium phosphate, pH 6.8, 0.2% SDS, 5 mM EDTA, 10 mg/ml poly A,
50 mg/ml sheared salmon sperm DNA, 50 mg/ml yeast RNA] at 42°C overnight. Post-
hybridization washes were performed in 2 x SSC, 0.1% SDS at 55°C for 15 min once,
thenin 1 x SSC, 0.1% SDS at 55°C for three times with 15 min each. The wet blot was
wrapped in Saran wrap and then exposed to Biomax MS film (Kodak, Guelph, ON,

Canada) with intensifying screen at -80°C for 24-48 hrs.

2.6 In Situ Hybridization Analysis
In situ Hybridization

Two oligonucleotide probes (HD40 and HD1) (Table 2-1) were used for in situ
hybridization. For probe preparation, 10 pmol oligonucleotide was 3' end-labelled with

50 pCi of [a-P*P]dATP (3000 Ci/mmol) (Perkin Elmer) and 75 U of terminal
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deoxynucleotidyl transferase (TdT) enzyme (Promega) in 1 x TdT buffer at 37°C for 90
min. Unincorporated radionucleotides were removed from the labelled probe using
exclusion chromatography (MicroSpin G-25 columns, GE Healthcare Lifescience).
Frozen brains were cut coronally on the cryostat with 14-15 pm thickness and placed on
superfrost slides (Fisher Scientific) and stored in -80°C until use. Slides with frozen
brain sections were thawed at room temperature, fixed in 4% (w/v) paraformaldehyde in
0.1 M phosphate-buffer for 5 min, rinsed twice in 1 x phosphate-buffered saline (PBS)
[137 mM NaCl, 2.7 mM potassium chloride (KCl), 10 mM disodium hydrogen phosphate
(Na;HPOy), 2 mM mono potassium phosphate (KH,PO4)], then rinse once in 2 x SSC for
20 min, and air dried for 30 min. Two hundred microliters hybridization buffer
containing 50% deionized formamide, 5 x SSC, 1 x Denhardt’s solution, 20 mM sodium
phosphate, (pH 6.8), 0.2% SDS, 5 mM EDTA, 10% (w/v) dextran sulphate, 50 ug/ml
sheared salmon sperm DNA, 50 pg/ml yeast RNA and 1 x 10° ¢.p.m./ml of labelled
probes were added to the top of the slides. Slides were then coverslipped with Para film
and allowed to incubate at 42°C overnight in a humidified chamber. Following
hybridization, slides were washed in 1 x SSC four times at 58°C with 30 min each wash,
0.5 x SSC four times at 58°C with 30 min each wash, 0.25 x SSC four times at 58°C with
15 min each wash. Lastly, slides were dipped once in RNase-free H>O and allowed to
dry at room temperature overnight. Hybridization signal was then captured by exposing

dried slides to Biomax MR film (Kodak) for 10 to 30 days at room temperature.

Quantitative analysis of PDE10A mRNA
The hybridization signal of PDE10A mRNA from in situ hybridization was

analyzed by Kodak 1D Image Analysis software. Optical density (OD) was measured in
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the striatum and the background hybridization of the medial septum of each section was
subtracted from the OD value of the striatum. Data was subjected to a two-way analysis
of variance (ANOV A) assessing the influence of genotype (wild-type, R6/1 and R6/2)
and age (3-29 weeks of ages) of independent group of mice (N=4 for each age and each
genotype). Tukey’s honestly significant multiple comparisons were employed to identify
differences in PDE mRNA expression among wild-type, R6/1 and R6/2 mice at specific
ages. The rate of decline in PDE10A mRNA levels in R6/2 and R6/1 mice was fit with

b

the equation y = y°+ ae™* using SigmaPlot (Systat Software Inc, Point Richmond, CA,

USA).

2.7 Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was used to determine the number of copies of
mature and unspliced PDE10A2 primary transcript in cDNA samples derived from the
striatum of wild-type and HD transgenic mice using the LightCycler thermal cycler
system. A mixture of cDNAs was synthesized in RT reactions with gene-specific primers
(RT1, RT2 and HPRT-AS) using Moloney Murine Leukemia Virus Reverse
Transcriptase (MMLV-RT) (Promega) following the manufacturer’s instructions.
Negative control RT reactions, which included all components except MMLV-RT for
each sample, were also analyzed by qRT-PCR to determine levels of genomic DNA that
were present in total RNA samples prior to cDNA synthesis. The PCR reactions
contained 1 pl of cDNA or no RT negative control, 0.2 uM sense and antisense primers,
2 mM or 4 mM magnesium chloride (MgCl,) for primary and mature PDE10A2 cDNA,

respectively and 2 pl of LightCycler-DNA FastStart SYBR® Green I Mix containing
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nucleotides, buffer, and hot start 7ag DNA polymerase. Reactions were performed
simultaneously to analyze cDNA samples derived from striata of 3, 5, 6 and 12 week-old
mice. The PCR conditions involved 10 min at 95 °C to activate Tag DNA polymerase,
45 cycles of 95 °C for 15 seconds (sec), 68 °C for 5 sec and 72 °C for 15 sec. Fluorescent
signal was measured at the end of each extension phase. Hypoxanthine guanine
phosphoribosyltransferase (HPRT) cDNA was amplified with HPRT sense and antisense
primers using similar conditions except for annealing at 65°C (Table 2-1). The amount of
products from no RT negative control that corresponded to trace amount of genomic
DNA was subtracted from the copy number of the PDE10A2 primary and mature
cDNAs. The copy number of PDE10A2 primary aﬁd mature cDNAs was normalized to
the copy number of HPRT ¢cDNA. Normalized cDNA levels were subjected to two-way

analysis of variance and the 0.05 level of significance was adopted for all comparisons.

2.8 ’RLM-RACE

The First Choice™ RLM-RACE kit (Ambion, Austin, TX, USA) was used to
prepare a cDNA library. Total wild-type RNA was treated with calf intestinal
phosphatase (CIP) to remove the 5’ phosphate from all RNAs that did not have a 7-
methylguanosine cap, as well as from any trace genomic DNA. The RNA was then
divided into two samples. One aliquot was exposed to Tobacco Acid Pyrophosphatase
(+TAP) to remove 7-methylguanosine caps from the 5’ end of the mature mRNAs
leaving a free 5° phosphate. The other aliquot did not receive TAP treatment (-TAP) and
served as a control for the effectiveness of the initial CIP treatment. Adapter RNA was

ligated to the 5° phosphate groups on +TAP and control (-TAP) RNA using T4 RNA
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ligase. M-MLYV reverse transcriptase and random decamers were used to synthesize
single-stranded cDNA. PCR amplification of the 5* ends of PDE10A ¢cDNA included the
5’ RACE outer adapter primer and one of two outer gene-specific primers (GSP1 and
GSP 2) followed by nested PCR using the 5° RACE inner primer and corresponding inner
gene-specific primers (GSP3 and GSP 4) (Table 2-1). PCR conditions for both the first
and second rounds of amplification were: 94°C for 3 min, followed by 35 cycles of 94°C
for 30 sec, 60°C for 30 sec, 72°C for 30 sec, followed by a final extension of 72°C for 10
min. The PCR products were fractionated in 2% agarose gels, gel-purified, cloned and

sequenced as described in plasmid construction.

2.9 Ribonuclease Protection Assay
Synthesis of riboprobes

5’RLM-RACE clones were used as templates to synthesize riboprobes according
to the instructions provided with Lign’Scribe and Maxiscript kits (Ambion). The plasmid
DNA was linearized by restriction digestion. Maxiscript was performed at 37°C for 60
min in a 20 pl reaction containing 1 x transcription buffer, 0.5 mM ATP, 0.5 mM UTP,
0.5 mM GTP, 0.3 mM CTP, 0.2 mM Biotin-14-CTP (Invitrogen) and RNA polymerase
mix. After incubation, DNase I (1 U) (Promega) was added to the mixture to remove
template DNA. The RNA products were fractionated on a 5% polyacrylamide/8 M urea
gel, visualized by UV shadowing, extracted from the gel and purified. The exon la-
specific probe (RPA-P1) was 170 nucleotides in length, and contained 112 nts of
PDEI10A cRNA sequence, 38 nts of S’RACE inner primer sequence and 20 nts of T7

promoter sequence. The exon 1-specific probe (RPA-P2) was 522 nts in length and
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consisted of 460 nts PDE10A cRNA sequence, 38 nts 5’RACE inner primer sequence

and 20 nt T7 promoter sequence. All riboprobes were stored at -80°C until use.

Ribonuclease Protection Assays

RPA were performed using the RPAIII™ kit (Ambion) and RNA isolated from
various weeks of wild-type and R6/1 mice striata. Each probe (500 pg) was combined
with 10 pg of total RNA and precipitated with 0.5 M ammonium acetate and 50% ethanol
at -20°C for 30 min. The RNA mixture was recovered by centrifugation at 14,000 x g for
20 min at 4°C and resuspended in 10 pl hybridization buffer from RPAIII kit. The RNA
was then denatured at 95°C for 5 min and allowed to hybridize at 42°C overnight.
Control reactions included 2 pg probe only, and 500 pg probe with excess yeast RNA.
After hybridization, all samples, except the sample containing 2 pg probe only, were
subjected to a 30 minute RNase digestion using a 1:100 dilution of RNase A/T1 at 37°C.
Digestion products and a biotinylated Century Plus RNA ladder (Ambion) were
fractionated on a 5% polyacrylamide/8M gel, and transferred to Hybond N+ membrane
(GE Healthcare Lifescience). Bands were visualized by chemiluminescent detection
using Supersignal chemiluminescent detection kit following manufacturer’s instruction

(Pierce Biotechnology, Rockford, IL, USA).

2.10 Western Blotting
Striatal nuclear extract isolation
Isolation of nuclear extract from the forebrains of wild-type and R6/1 mice was

performed according to Sambrook ef al (2001). Forebrain tissue was dissected from
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wild-type and R6/1 mice of different ages on ice. The tissue was homogenized in tight-
fitting Dounce homogenizer in 2 ml ice-cold tissue homogenization buffer [10 mM
HEPES-KOH (pH 7.6), 25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 mM
EDTA pH 8.0, 2 M sucrose, 10% glycerol, 0.5 mM phenoylmethylsulfonyl fluoride
(PMSF), 1 pg/ml Leupeptin, 1 ug/ml Pepstatin]. To monitor lysis of cells, 10 ul of the
cell suspension was mixed with an equal volume of 0.4% Trypan blue dye (Invitrogen)
and examined under a microscope equipped with a 20 x objective until 80-90% of the
cells were lysed and appeared blue. The cell homogenate was layered with 1 ml ice-cold
tissue homogenization buffer in polyallomer ultracentrifuge tube (Beckman) and
centrifuged at 103,900 x g in Beckman TLA100.1 rotor in Optima™ TLX
Ultracentrifuge (Beckman Coulter, Mississauga, ON, Canada) for 40 min at 4°C.
Supernatants (cytoplasmic extract) were removed into a new 1.5 ml eppendorf tube and
stored at -80°C until use. Nucleic pellets were resuspended in 1 ml of ice-cold tissue
resuspension buffer [5 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl,, 0.5 mM
dithiothreitol (DTT), 0.5 mM PMSF, 26% glycerol]. Sodium chloride (5 M) was added
into the resuspended nuclei in a drop-wise fashion to a final concentration of 300 mM.
The nucleic mixture was allowed to incubate on ice for 30 min and recovered by
centrifugation at 103,900 x g in Beckman TLA100.2 rotor for 20 min at 4°C. The
supernatant (300 mM NaCl-soluble nuclear extract) was aliquoted. The nucleic pellet
(300 mM NaCl-insoluble nuclear extract) was resuspended and homogenized in 0.32 M
sucrose. Total proteins, cytoplasmic extract, 300 mM NaCl-soluble nuclear extract, 300
mM NaCl-insoluble nuclear extract were subjected to bicinchoninic acid (BCA) assay to

determine the protein concentrations using BCA Protein Assay Reagent (Pierce).
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Western Blotting Analysis

For Western blotting analysis, protein samples were subjected to 7.5% or 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 1 x running
buffer [25 mM Tris, 250 mM glycine, pH 8.3, 0.1% SDS (w/v)], and transferred to
polyvinylidene fluoride (PVDF) membrane (Fisher Scientific) in transfer buffer [48 mM
Tris base, 39 mM glycine, 20% methanol] for 1 hr at 4°C with constant 100 V. Blots
were incubated in blocking buffer [137 mM NaCl, 10 mM Tris, 0.1% Tween-20 and 5%
skim milk] for 1 hr. After blocking, the blot was incubated with primary antibody in
blocking buffer at 4°C overnight with gentle shaking. The next day, the blot wash
washed in 20 ml wash buffer [137 mM sodium chloride, 10 mM Tris, 0.1% tween-20
(Sigma)] for 3 times with 20 min each, followed by incubation with peroxidase
conjugated secondary antibody in blocking buffer. Blots were washed 3 times with 20
min each in 20 ml wash bﬁffer following incubation with secondary antibody. Bound
primary antibodies were detected using enhanced chemiluminescence (ECL) kit and
Hyperfilm ECL high performance film (GE Healthcare Lifescience). Primary and
secondary antibody dilutions used to detect NGF-IA, VDR, Spl, CREB, NFkappaB and

mutant huntingtin are listed in Table 2-2.

2.11 Electromobility Shift Assay

Double-stranded oligonucleotides (Table 2-3) containing consensus recognition
sequences for different transcriptioh factors were individually end-labelled using [y-
32P]JATP (3000 Ci/mol) (Perkin-Elmer) and T4 Polynucleotide Kinase (Fermentas). The

labelling reaction was performed in a 10 pl reaction mixture containing 1 x forward
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Table 2-2. Antibodies used for Western blotting analyses.

SDS-

vamd S pagp Priman Seendary - Conmersl
(Y0)
NGF-IA 80 7.5% 1:1000 1:1000 Santa Cruz
VDR 55 7.5% 1:5000 1:1000 Chemicon
SP1 ~105 10% 1:1000 1:1000 Santa Cruz
CREB ~45 7.5% 1:1000 1:1000 Chemicon
NFkappaB 105 7.5% 1:1000 1:1000 Chemicon
Hum I ~ 300 10% 1:500 1:2000 New England
Anti-Histidine -- 10% 1:50 1:1000 Chemicon

'NGF-IA, nerve growth factor inducible factor A or Egrl, early growth response 1; VDR,
vitamin D receptor; Spl, specific protein 1; CREB, cAMP responsive element binding
g)rotein; NFkappaB, nuclear factor kappa B.

Santa Cruz, Santa Cruz Biotechnology; Chemicon, Chemicon Internationl; New
England, New England Peptide.
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reaction buffer (Fermentas), 3.5 pico moles (pmol) of double-stranded DNA, 10 uCi [y-
%P]ATP (Perkin Elmer) and 10 U of T4 Polynucleotide Kinase (Fermentas) at 37°C for
10 min. After the incubation, the reaction was terminated with addition of 1 pl of 0.5 M
EDTA to the mixture. Probes were purified and radioactivity of the probe was counted as
described before. DNA-binding reactions were carried out for 20 min at room
temperature in a mixture of 10 ul containing 1x gel shift binding buffer (Promega), 0.035
pmol of labelled oligonucleotide (~50,000 c.p.m.) and 5 pg of 300 mM NaCl-soluble
nuclear extract from wild-type or HD mouse striata (see striatal nuclear extract isolation).
For competition experiments, 100 x molar excess of unlabelled oligonucleotide was pre-
incubated with the reaction mixture for 10 min at room temperature before the addition of
radiolabelled probe. The reaction mixtures were fractionated on 4% native

polyacrylamide gel in 0.5 x TBE buffer. The gels were dried and exposed to BioMax MS

(Kodak) with an intensifying screen at -80°C for 12-24 hrs.

2.12 In Vitro DNase 1 Footprinting

In vitro DNase I footprinting assay was used to examine protein-DNA
interactions on the PDE10A promoter in vitro. A 418 bp of PDE10A2 promoter
fragment was generated by PCR amplification using sense primer HD80 and antisense
primer HD88 (Table 2-1) which amplifies the -392 to +26 region of the PDE10A2
promoter. Sense primer HD80 was end-labelled using T4 Polynucleotide Kinase ina 10
ul reaction mixture containing 1 x forward reaction buffer (Fermentas), 5 pmol of primer,
70 uCi [y->*P]JATP (Perkin-Elmer) and 10 U of T4 Polynucleotide Kinase (Fermentas) at

37°C for 30 min. The radiolabelled probe was purified as described in Northern blotting.
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Table 2-3. Sequence of double-strand DNA probes used in EMSA analysis.

Name' Double-stranded DNA sequence Cold Probes’
5’ AGCTTCAGGTCACAGGAGGTCAGAGAGCT 37
TR (DR-4) 3’ TCGAAGTCCAGTGTCCTCCAGTCTCTCGA 5/ RXR
5’ AGCTTCAGGTCAGAGGTCAGAGAGCT 3
RXR (DR-1) 3/ TCGAAGTCCAGTCTCCAGTCTCTCGA 57 VDR(DR-3)
5’ AGCTTCAGGTCAAGGAGGTCAGAGAGCT 3
VDR (DR-3) 3’ TCGAAGTCCAGTTCCTCCAGTCTCTCGA 57 RAR
AP1 5’ CGCTTGATGAGTCAGCCGGAA 3’ Sl
3’ GCGAACTACTCAGTCGGCCTT 57 P
Sol ' 5/ ATTCGATCGGGGCGGGGCGAGC 37 AP1
p 3’ TAAGCTAGCCCCGCCCCGCTCG 57
5’ AGAGATTGCCTGACGTCAGAGAGCTAG 3
CREB 37 PCTCGAACGGACTGCAGTCTCTCGATC 57 NFkappaB
5/ AGTTGAGGGGACTTTCCCAGG 3’
NFkppaB 37 TCAACTCCCCTGARAGGGTCC 57 CREB

'TR (DR-4), thyroid hormone receptor (direct repeat 4); RXR (DR-1), retinoid X receptor
(direct repeat 1); VDR, vitamin D receptor; AP1, activating protein 1; Spl, specific
protein 1; CREB, cAMP responsive element binding protein; NFkappaB, nuclear factor

kappa B.
?Cold probes (100 X) used for competition.
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Ten micrograms of 300 mM NaCl-soluble nuclear extract from 5 week-old wild-type or
R6/1 transgenic HD mice was incubated for 20 min at room temperature with 50,000
c.p.m. of labelled 418 bp PDE10A2 promoter fragment in binding buffer [50 mM Tris-
HCI (pH 8.0), 100 mM KCl, 12.5 mM MgCl,, ImM EDTA, 20% glycerol and 1 mM
DTT]. After a 20 min incubation, 50 pl of 5 mM calcium chloride (CaCl,) and 10 mM
MgCl, was added to the reaction mixture and allowed to equilibrate for 1 min before
adding 0.15 U DNase I (Promega) for 2.5 min. DNase I digestion was then terminated by
adding 90 pl stop buffer [200 mM NaCl, 30 mM EDTA, 1% SDS (w/v) and 100 pg/ml
yeast RNA] to the reaction mixture. Digested DNA was extracted with
phenol:chloroform:isoamyl alcohol (25:24:1) (pH 8.0) (Invitrogen), precipitated with
ethanol and finally resuspended in 10 pl of loading dye [10 mM EDTA (pH 7.5), 97.5%
deionized formamide]. The samples were denatured at 95°C for 3 min and fractionated
on 4% PAGE/8 M urea gels in buffer gradient established by 0.5 x TBE in the top buffer

chamber and 1 x TBE in the bottom buffer chamber. The gel was dried and exposed to

BioMax MS (Kodak) film with an intensifying screen at -80°C for 1-3 days.

2.13 Cell Culture and Transfection
Generation of unidirectional deletion constructs of PDE-PGL3

Ten micrograms of full-length PDE-PGL3 plasmid was sequentially digested with
Kpnl and BglII at 37°C followed by ethanol precipitation at -20°C. The linearized
plasmid DNA was recovered by centrifugation and resuspended in 44 pl of ddH,O.
Exonuclease treatment started with incubation of linear plasmid DNA with 1 x

Exonuclease III buffer at 20°C for 10 min, followed by addition of 200 U of Exonuclease
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III (Fermentas) to a total volume of 50 ul. Exonuclease III degrades double-stranded
DNA from a Kpnl digested end (5° overhang) releasing 5'-m0n§nucleotides from the 3'-
ends of DNA strands and producing stretches of single-stranded DNA. Two microliters
of Exolll/DNA reaction mixture were removed at 10 sec intervals to another eppendorf
tube containing 15 pl 5 x Mung Bean buffer (New England Biolab, Pickering, ON,
Canada) until all ExollI-treated DNA was removed. The DNA mixture was then
incubated at 68°C for 15 min to inactivate ExollIl and further incubated with 10 U of
Mung Bean Nuclease at 30°C for 30 min to remove stretches of single-stranded DNA
producing ligatable ends of double-stranded DNA with various lengths. The DNA
mixture was extracted using phenol:chloroform extraction and ethanol precipitation.
DNA was recovered by centrifugation and finally resuspended in 20 pul ddH,0. Five
microliters of linear plasmid DNA mixture was allowed to undergo intramolecular
ligation in a 10 pl reaction containing 1 x ligation buffer and 10 U of T4 DNA ligase
(Promega). Ligated DNA products were transformed into electrocompetent E.coli. cells
as described previously. The DNA sequences of eight independent clones containing
different sizes of the PDE10A promoter were determined using the dideoxy sequencing

method as described in section 2.3.

Cell culture and transfections

ST14A and derivatives that stably express the first 548 amino acids éf huntingtin
with 15 CAG repeats (N548wt-15Q) or 128 CAG repeats (N548hd-128Q) were kindly
provided by Dr. Elena Cattaneo (Cattaneo & Conti, 1998; Rigamonti et al., 2000). Cells

were cultured at the permissive temperature of 33°C in Dulbecco’s modified Eagle



60

medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT, USA) as described in Cattaneo & Conti (1998). Human
embryonic kidney cells 293 (HEK293) were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% horse serum (HyClone). Cells were grown in an
incubator at 37°C with humidified 5% CO, and 95% air.

Plasmid constructs used in transfection experiments included pEGFP-N1 (BD
bioscience), pDsRed1-N1 (BD bioscience), phRL-TK (Promega), pGL3-PDE10A,
pCMV-Exonl-115Q and pCMV-Exon 1-22Q. pCMV-Exonl-115Q and pCMV-Exonl-
22Q each contained part of the 5’-UTR, the coding region within exon 1 with 115 CAG
repeats (Exon 1-115Q) or 22 CAG repeats (Exon 1-22Q), and part of intron 1 of human
huntingtin as described in Rodriguez-Lebron et al. (2005).

All transfection experiments were performed following the instructions in
Lipofectamine and Lipofectamine Plus Reagents kit (Invitrogen). For promoter deletion
analyses, DNA mixture containing 0.2 pg of each deletion construct, 0.2 pg of pEGFP-
N1, 0.05 pg of phRL-TK was incubated with 4 ul Lipofectamine Plus Reagent
(Invitrogen) in 25 pl serum free media (SFM) at room temperature for 15 min. After
incubation, 25 pl of SFM containing 1 pl Lipofectamine reagent was added to the
mixture and allowed to further incubate at room temperature for 15 min. Fifty microliters
of DNA/Lipofectamine mixture was added to either 50,000 N548wt-15Q cells or 50,000
N548mu-128Q cells in 200 pul SFM. On the next day, cells were washed with Hank’s
Balanced Salt Solution (HBSS) (HyClone) twice and replaced with ST14A growth media
[DMEM supplemented with 10% fetal bovine serum (FBS)]. After 48 hrs post-

transfection, cells were harvested for luciferase analysis. For transfections in ST14A
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parental cells and HEK293 cells, 0.2 pg of PDE10A-P14-pGL3, 0.2 ug of pPCMV-Exon
1-115Q or pCMV-Exon 1-22Q), 0.05 pg of pDsRed1-N1, and 0.05 pg of phRL-TK were

transfected into 50,000 cells using the same procedure described above.

Luciferase activity

Cells were harvested 48 hours post-transfection and subjected to Dual Luciferase
Assay (Promega). Cells were washed with 1 x PBS once and incubated with 100 pul 1 x
Passive Lysis buffer at room temperature for 15 min. Cell lysates were subjected to two
freeze-thaw cycles and collected by centrifugation at 12,000 x g fof 1 min at 4°C. Ten
microliters of cell lysate was used for dual luciferase assay following the manufacturer’s
protocol (Promega). Firefly luciferase activity was normalized to Renilla luciferase
activity expressed from phRL-TK. Normalized data was subjected to two-way ANOVA

and the 0.05 level of significance was adopted for all comparisons.

2.14 TranSignal Protein/DNA Array

TranSignal protein/DNA array was performed according to manufacturer’s
protocol (Panomics, Rewood, CA, USA). Five microgram of wild-type and R6/1
forebrain nuclear extract (300 mM NaCl-soluble) were mixed with 10 ul TranSignal
Probe Mix (Panomics) in a 20 ul reaction and allowed to incubate at 15°C for 30 min.
Following incubation, the mixture was fractioned in a 2% agarose gel in chilled 0.5 x
TBE at 120 volts for 20 min. Protein-DNA complexes were excised from the gel and
solublized with Extraction buffer A (Panomics). The bound probes were allowed to bind

to Gel Extraction Beads (Panomics) and eluted from the beads in ddH,O. For
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hybridization, each array membrane was incubated with 4.5 ml of pre-warmed
Hybridization buffer provided and then hybridized with the eluted probe (denatured at
95°C for 3 min) overnight at 42°C. After hybridization, each membrane was washed
with 50 ml Hybridization Wash I [2 x SSC/0.5% SDS] at 42°C twice with 20 min each
time, followed by 50 ml Hybridization Wash II [0.1 x SSC/0.5% SDS] at 42°C twice
with 20 min each. After washes, blots were subjected to chemilumniscent detection.
Blots were incubated with 1 x Blocking Buffer at room temperature for 15 min and then
with a 1:1000 dilution of Streptavidin-HRP conjugate in the same buffer for 15 min.
Each blot was washed with 20 ml 1 x Wash buffer for 3 times, followed by incubation
with 1 x Detection Buffer at room temperature for 5 min. Hybridization signals on each
blot were captured after 5 min incubation with 2 mtl of substrate working solution and
exposure to ECL hyperfilm (GE Healthcare Lifescience) for 10~60 min at room

temperature.

2.15 TranSignal Transcription Reporter Array

TranSignal Transcription Reporter Assay was performed according to
manufacturer’s protocol (Panomics). TranSignal Reporter plamid mix (20 pl), 1 pg of
pCMV-Exon 1-22Q or pCMV-Exon 1-115Q, 0.05 pg of pEGFP-N1 were co-transfected
into 5 x 10°> ST14A cells using Lipofectamine and Lipofectamine Plus Reagents
(Invitrogen) using transfection procedure described above. Total RNA was isolated from
transfected cells 48 hs post-transfection using the Trizol method as described above.

One microgram of total RNA and 6 pl of Transcription Reporter Array Primer

were heated at 70°C for 2 min then 42°C for 2 min. The reverse transcriptase reaction
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was performed at 42°C for 1 hr in a reaction mixture containing 12 ul Labelling Mix, 1 ul
Biotin-dUTP, 1 ul MMLV-Reverse Transcriptase (Promega) and RNA/primer mixture.
c¢DNA probes were denatured in 1 x Denaturing Solution at 68°C for 20 min and then
neutralized in 1 x Neutralization Buffer at 72°C for 10 min. Labelled cDNA probes were
then hybridized with the TranSignal Transcription Reporter Assay Membranes.
Hybridization signal was detected with chemilumniscent detection. Hybridi;ation and

detection were the same as described for TranSignal Protein/DNA array.

2.16 Synthesis of Recombinant Huntingtin Protein In Vitro

Constructs pET-N171-23Q and pET-N171-87Q, which were kindly provided by
Xiao-Jiang Li (Emory University, USA), contain cDNAs encoding the N-terminus of
human huntingtin (amino acid 1 to 171 tagged with six histidines at the N-terminus of the
recombinant protein fragment (Li et al., 2002). These fusion proteins contained either
23Q (N171-23Q) or 87Q (N171-87Q). BL21 (DE3) bacterial cells (Invitrogen) were
electro-transformed with 1 ng of either constructs and grown at 37°C overnight in 50 ml
2 x YT broth (Kenamycin, 50 ng/ml) until OD at 600 nm reached 0.6. After induction
with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) (Sigma) for 2 hrs, cells were
recovered by centrifugation at 5000 rpm for 5 min and lysed in 8 ml of binding buffer [5
mM imidazole, 500 mM NaCl, 20 mM Tris-HCI, pH 8.0, 25 mM B-mercapthethanol,
0.1% nonidet P40 (NP40), 1 mM PMSF]. Lysates were allowed to bind to Ni-NTa
columns (Invitrogen) at room temperature for 1 hr with gentle shaking. After binding,
the column was washed three times with binding buffer containing 50 mM imidazole to

remove unbound protein and cellular debris. Proteins that were bound to the column
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were eluted with 5 ml elution buffer [400 mM imidazole, 500 mM NaCl, 20 mM Tris-
HCl pH 8.0, 25 mM B-mercapthethanol, 0.1% NP40, 1 mM PMSF]. Eluted fractions
were collected (1 ml/tube, from elution 1 to elution 5). Elution 1 was desalted using Zeba
Desalt Spin Columns (Pierce) and stored at -80°C for in vitro transcription assay.
Desalted N171-23Q and N171-87Q proteins and a series of known concentrations of
BSA (4,6, 8, 10, 12, 20, 25, 30 ng) were fractioned in one 7.5% SDS-PAGE gel,
followed by silver staining. Densitometric analysis of silver-stained bands was
performed using Kodak ID Image analysis software. The concentration of N171-23Q and
N171-87Q were measured by comparing the OD of each band to a standard curve

established by BSA.

2.17 In Vitro Transcription

The insert from the PDE10A2 promoter construct P6 (-433/+278) was amplified
using primers HD80 and HD79 (Table 2-1). The GAD65 promoter (-503/+600) was
amplified using primers mGAD-P1 and mGAD-P2 (Table 2-1). PCR products were
resolved on a 0.8% agarose gel, followed by gel-purification as described before. The
amount of DNA was calculated based on the r¢lative intensity of the band and a
comparable band in 1 kb GeneRuler DNA quantification ladder (Fermentas). The in vitro
transcription reaction was performed using HeLaScribe Nuclear Extract in vitro
Transcription System (Promega). The procedure started with pre-incubation of DNA and
protein in a reaction mixture containing 126 fento moles (fmol) of PCR product, 1 x
transcription buffer [20 mM HEPES (pH7.9), 100 mM KCI, 0.2 mM EDTA, 0.5 mM

DTT, 20% (v/v) glycerol, 0.2 mM PMSF], 6 mM MgCl,, 8 U of Hela Nuclear extract
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with or without purified N171-23Q and N171-87Q at 30°C for 30 min. After pre-
incubation, 1 ul ANTP mix containing 400 pM each of rCTP, rATP, rUTP and 16 uM
rUTP and 10 pCi of [a->*P]rGTP were added to the mixture and the mixture was allowed
to incubate at 30°C for 30 min. The reaction was terminated by adding 175 ul Stop
buffer (Promega) [0.3 M Tris-HCI (pH 7.4), 0.3 M sodium acetate, 0.5% (w/v) SDS, 2
mM EDTA and 3 pg/ml of yeast RNA]. In vitro synthesized RNAs were extracted with
200 pl of phenol:chloroform:isoamyl alcohol (25:24:1) (pH 8.0) (Invitrogen) and
precipitated at -20°C from at least 1 hr to overnight. Following precipitation, RNA was
recovered by centrifugation at 14,000 x g at 4°C for 20 min. RNA pellets were then
resuspended in 10 pl loading dye [49% (v/v) formamide, 0.05% bromophenol blue (w/v),
0.05% xylene cyanol (w/v) and 5 mM EDTA], followed by denaturation at 95°C for 5
min. Denatured RNAs were resolved on a 4% po‘lyacrylamide/ 8 M urea gel. The gel was
dried and exposed to BioMax MS (Kodak) film with intensifying screen at -80°C for 1-3
days. The OD of the film background was subtracted from the OD of the 550 nt
transcript from the PDE10A2 promoter and the 436 nt transcript from the GAD65
promoter in the presence of different amounts of N171-87Q and N171-23Q. The net OD
of the each transcript was normalized to the OD of the transcript detected in HeLa alone.

For aggregation experiment in vitro, a peptide containing 20 polyglutamine and 2
lysine residue (polyQ) at two ends was obtained by custom synthesis from the Keck
Center at Yale University (New Haven, CT, USA). Another peptide containing a 19
amino acids of polyproline-rich sequence (PQLPQPPPQAQPLLPQPQC) was obtained
by custom synthesis from New England Peptide (Gardner, MA, USA). Lyophilized

power for both peptides were dissolved in RNase-free H,O. Aggregation was performed
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by preincubating 1.5 pmol 0of N171-22Q or N171-87Q with various amounts of polyQ or
polyP at 37°C for either 10 min or 2.5 hrs before the mixture was added to the in vitro
transcription reactions. /n vitro transcription reactions were performed the same as

described above.

2.18 Silver Staining

Silver staining was used for staining proteins that have been fractioned on a SDS-
PAGE gel. Following electrophoresis, the gel was incubated with 50% methanol for 3
times with 20 min each time, and then with RNase-free H,O twice with 30 min each time.
The gel was immersed in staining solution [0.4% AgNO; (w/v), 7.56% NaOH (w/v) and
1.4% ammonium sulfate (v/v)] for 90 min, followed by thorough rinse with RNase-free
H,O twice with 5 min each. The gel was developed in solution containing 0.005% citric
acid (w/v) and 0.05% formaldehyde (v/v) for ~10 min and the development reaction was
terminated by replacing developing solution with stop solution [45% methanol, 10%
acetic acid]. Stained gels were scanned and subjected to densitometric analysis using

Kodak ID Image analysis software.

2.19 Protein Binding With Dynabead-Coupled DNA
Labeling of promoter DNA with Dynabead M-280 Streptavidin

A PDE10A2 promoter fragment was PCR amplified using 5 biotin-labelled
antisense primer HD79 and sense primer HD80 (Table 2-1). The PCR conditions were
the same as described in PCR and plasmid construction for the PDE10A promoter except

that the extension time in each cycle of DNA synthesis was 30 sec. A GAD65 promoter
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was amplified using biotin-labelled sense primer mGAD-P1 and antisense primer
mGAD-P3 using the same PCR conditions as described for the GAD65 promoter. PCR
products were gel-purified and quantified on an agarose gel as described above. Before
labelling, 1 mg of Dynabeads M-280 Streptavidin (Invitrogen) was washed 3 times in 100
ul of 2 x Binding & Wash Buffer [S mM Tris-HCI, pH 7.5, 0.5 mM EDTA and 1 M
NaCl] and finally resuspended in the same buffer to a final concentration of 5 pg/ul.

Five picomoles of PCR products were mixed with the resuspended Dynabeads M-280
Streptavidin and allowed to incubate at room temperature with rotation for 30 min. To
separate the beads from unbound DNA, the bead/DNA mixture was put on magnet for 2
min, followed by 3 washes with 2 x Binding & Wash buffer. The Dynabead-Streptavidin
labelled DNA was resuspended in 1 x transcription buffer giving a final concentration of

126 fmol/ul and stored at 4°C.

Analysis of proteins that interact with the Dynabead-labelled promoters

A reaction mixture containing 126 fmol of Dynabead-labelled DNA, 1 X
transcription buffer, 6 mM MgCl,, 1.5 pmol of purified huntingtin fusion protein (His-
23Q or His-87Q) and 8 U of Hela Nuclear extract was incubated at 30°C for 30 min.
After incubation, proteins that interacted with the Dynabead-labelled DNA were
separated from unbound proteins by placing the mixture on a Dynal magnetic particle
concentrator (MPC) (Invitrogen) for 2 min. Unbound proteins were removed. The
Dynabead-labelled promoters and the proteins that bound to Dynabead-labelled DNA
were washed twice with 100 ul 1 x transcription buffer. The bound proteins were

separated from the Dynabead-labelled promoter DNA by resuspending the Dynabead-
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labelled DNA and proteins in 1 x SDS sample buffer [10% (v/v) glycerol, 5% (v/v) B-
mercaptoethanol, 3% (w/v) SDS and 62.5 mM Tris-HCI (pH6.8)] and incubating the
mixture at 95°C for 10 min. Proteins were fractionated on a 7.5% SDS-PAGE gel and

the proteins were visualized after the gel was subjected to silver staining.

2.20 Two-Dimensional SDS-PAGE

Two-dimensional SDS-PAGE was used to separate proteins that interacted with
the Dynabead-labelled promoter. The first dimension that separates proteins on their
isoelectric points (pls) was performed in Bio-Rad Biorad Protean® IEF Cell following
manufacturer’s instructions. After the pre-incubation and two washes, the bound proteins
were separated from the Dynabead-labelled promoter DNA by heating the Dynabead-
labelled DNA and proteins in 25 pl of 0.1% SDS at 95°C for 10 min. One hundred
microliters of rehydration buffer was added to the resuspended proteins. The proteins
were absorbed onto a precast immobilized pH gradient IPG gel strip (7 cm, pH gradient
5-8) (Bio-Rad) with constant 50 voltages (V) for 16 hrs at room temperature. After
rehydration, proteins were allowed to focus to their pls with a focusing program in Bio-
Rad Biorad Protean® IEF Cell: S1, 250 V, 15 min; S2, linear, 4000 V, 2 hrs; S3, rapid,
10000 vhrs and S4, 500 V, hold. After the completion of focusing, the IPG gel strip was
washed in 2.5 ml of equilibration buffer I for 10 min and then in 2.5 ml of equilibration
buffer II for 10 min at room temperature with gentle shaking. The IPG gel strips
containing the proteins that had migrated to their pls were placed onto 7.5% SDS-PAGE
gels for separation of proteins on the second dimension based on their molecular weight.

The second dimension was subjected to electrophoresis with constant 250 V for 40-45
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min in 1 x running buffer as described before. The separated proteins were visualized by

silver staining as described above.
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CHAPTER 3

Mutant Huntingtin Affects the Rate of Transcription of Striatum-
Specific Isoforms of Phosphodiesterase 10A

The majority of work in this chapter has been published in:
Hu, H., McCaw, E.A., Hebb, A.L., Gomez, G.T. & Denovan-Wright, E.M. (2004)
Mutant huntingtin affects the rate of transcription of striatum-specific isoforms of

phosphodiesterase 10A. Eur J Neurosci, 20, 3351-3363.
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3.1 Introduction

Inheritance of a HD gene with an expansion of a CAG repeat causes HD.
(Huntington's Disease Collaborative Research Group, 1993). Despite expression of
mutant huntingtin throughout the brain and body (Sharp et al., 1995), the major
pathology of HD is a selective loss of GABAergic medium spiny projection neurons in
the caudate and putamen (Vonsattel & DiFiglia, 1998). Mutant huntingtin, by virtue of
its expanded polyglutamine tract, interacts with other proteins and perturbs many cellular
functions (Harjes & Wanker, 2003; Li & Li, 2006).

Several mouse models have been established for investigating early pathological
and molecular abnormalities in HD (Mangiarini ef al., 1996; Reddy et al., 1998; Hodgson
et al., 1999; Schilling et al., 1999; Shelbourne ef al., 1999; Wheeler ef al., 1999). The
transgenic R6/1 and R6/2 mouse models were used in this study. Both of these
transgenic lines express exon 1 of the human mutant suntingtin gene under the control of
the human huntingtin promoter and two copies of the endogenous mouse huntingtin gene
(Mangiarini et al., 1996). These mice develop a progressive HD-like neurological
phenotype in a CAG length-dependent fashion, whereby the R6/1 line containing ~115
CAG repeats within the transgene develops HD-like symptoms over a longer period of
time than the R6/2 line that contains ~150 CAG repeats within the human huntingtin
exon 1 transgene (Mangiarini ef al., 1996). We and others have found that the expression
of several genes critical to striatal signaling are decreased in R6 and other transgenic HD
mice prior to the onset of HD-like symptoms compared to the age-matched wild-type
controls. These observations support the hypothesis that alterations in the steady-state

levels of a specific subset of mRNAs are an early component of the pathological process
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of HD (Cha, 2000; Denovan-Wright & Robertson, 2000; Luthi-Carter et al., 2000;
Menalled et al., 2000; van Dellen et al., 2000; Sipione ef al., 2002; Sugars &
Rubinsztein, 2003).

Recently, we have shown that the steady-state levels of the PDE10A mRNA and
protein decline during the course of disease progression in R6/1 and R6/2 transgenic HD
mice and in HD human brains (Hebb et al., 2004). The decrease in PDE10A mRNA is
more rapid in R6/2 mice than in R6/1 mice, which parallels the rate of disease
progression as measured by the development of neuronal intranuclear inclusions (NIIs),
motor symptoms and weight loss (Mangiarini et al., 1996). PDE10A is a signaling
enzyme that hydrolyzes cAMP and ¢cGMP in cells and belongs to a second messenger
system, which has been shown to be affected in a pre-symptomatic age of R6/2 mice
(Luthi-Carter et al.,, 2000). It is highly expressed in the brain and the testis (Fujishige et
al., 1999a; Fujishige er al., 1999b; Fujishige ef al.,, 2000), which would allow us to
compare and contrast the effect of mutant huntingtin in different tissues. PDE10A
belongs to a large PDE family that is regulated by alternative splicing and
polyadenylation at the transcriptional level (Soderling et al., 1999; Soderling & Beavo,
2000). This gives us a reference of basal regulation in order to understand how mutant
huntingtin reduces transcription of this gene. Thus, given these reasons, we chose to
study how the expression of the N-terminus of mutant huntingtin caused decreased
transcription of the PDE10A gene in HD.

The goal of this chapter was to fully describe the temporal and spatial changes in
the distribution of PDE10A mRNA, and to identify the promoters of the PDE10A gene

utilized in the striatum and testis in R6 mice that express the N-terminus of mutant
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huntingtin. Such information was required for the study of how mutant huntingtin was

involved in reducing steady-state levels of mRNA in HD.

3.2 Results
Isolation of PDE10A splice variants from the mouse striatum and testis

Multiple PDE isoforms are expressed throughout the mammalian body either as
products of different PDE gene family members or as products of the same gene through
alternative splicing or transcription start site utilization (Conti & Jin, 2000). In humans,
rats, and mice, PDE10A is highly expressed in the caudate and putamen (striatum) and
testis (Fujishige ef al., 1999a; Fujishige et al., 1999b; Loughney et al., 1999; Soderling et
al., 1999; Hebb et al., 2004). To study the regulation of PDE10A in HD, we first cloned
the striatal-specific PDE10A ¢cDNA. The full-length coding region of PDE10A from
mouse striatal cDNA could not be amplified using a primer specific to the 5’ end of the
coding sequence of the mouse PDE10A cDNA (GenBank accession number AF110507)
that was derived from RNA isolated from testis. Two EST clones derived from -
embryonic mouse brain (GenBank accession number AB041808 and AK014090) that had
an unique sequence at their 5° ends compared to the testis PDE10A cDNA were
identified in Genbank. Comparison of the cDNA and genomic DNA PDE10A sequences
revealed that the sequence at the 5’ ends of the brain ESTs corresponded to an exon 48 kb
upstream of the exon annotated as exon 1 in the mouse PDE10A gene on chromosome
17. This exon, which corresponded to the 5’ end of brain PDE10A ¢DNAs, was defined

as exon la (Fig. 3-1A). RT-PCR was performed using 4
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Figure 3-1. PDE10A mRNAs expressed in the striatum and the testis had different
5" exon sequences. A schematic representation of exon sequences included in PDE10A1
(A) and PDE10A2 (B) ¢cDNAs are shown. Exons are depicted as open boxes and
numbered according to the Sanger mouse genome database with the exception of exon
la, which is located ~48 kb upstream of exon 1 in the mouse PDE10A genomic DNA
sequence located on chromosome 17. The relative positions of translation start (M) and
stop codons (TGA) are indicated by arrows. Asterisks indicate polyadenylation signal
sites. The location of primers used in RT-PCR (P1-P4) (short black bars) and
oligonucleotides used for in situ hybridization (HD40 and HD1) (hatch bars) are shown
below the exon sequences. C. RT-PCR analysis of PDE10A variants in the mouse testis
and striatum. Total RNA was prepared from wild-type mouse testis (lanes 1-4) and
striatum (lanes 5-8). Primers used for PCR reaction are indicated below each lane. The
relative mobility of molecular weight markers (1 kb Ladder, MBI Fermentas) are
indicated on the left.
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pairs of primers to determine which cDNAs were expressed in mouse striatum and testis
(Fig. 3-1C). RT-PCR using primers P1/P2 and testis cDNA generated a single 2.5 kb
product (Fig. 3-1C), however, no product was generated using P1/P2 and striatal cDNA.
The primer pairs P3/P2 and P3/P4, however, amplified products of 2.5 kb and 3.5 kb,
respectively, from striatal cDNA (Fig. 3-1C). Using testis cDNA as the template, a faint
band of 2.5 kb was detected using P3/P2 but no PCR product was detected using primers
P3/P4. Following cloning and sequencing of these PCR products, we determined that the
striatal and testis PDE10A isoforms contained exon 1a or 1, respectively, and exons 2, 5,
7, 8 and 10-25. Therefore, although the PDE10A isoforms differed at their 5 ends, the
cDNA sequence that encompassed the entire coding region of both isoforms was
identical. We designated the isoform containing exon 1a PDE10A2 (GenBank accession
- number AY360383). In order to confirm the result from RT-PCR analysis, northern
blotting was employed using a coding sequence probe common to both PDE10A1 and
PDE10A2 cDNAs (Fig. 3-2). Northern blot analysis demonstrated that the most
abundant PDE10A mRNA in the mouse striatum is PDE10A2, which contains the
sequence of exon la and is ~ 9 kb in length. In the testis, the most abundant PDE10A
mRNA is PDE10A1, which contains the sequence of exon 1 and is ~ 4 kb in length. The
difference in length between PDE10A1 and PDE10A2 is due to the presence of a longer
3°’UTR within exon 25 in PDE10A2 compared to PDE10A1 (Fig. 3-1A). A
polyadenylation signal (AATAAA) is located 19 bp upstream of the 3' end of the
PDE10A1 within exon 25, another polyadenylation signal (ATTAAAT) is located 27 bp
upstream of the 3' end of the PDE10A2 within exon 25 (Fig. 3-1A). PDE10A2 encodes

797 amino acids with a predicted molecular mass of 90,443 Da. It consists of 22 amino
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Figure 3-2. The most abundant PDE10A mRNAs in the mouse striatum and testis
are 9 and 4 kb, respectively. Northern blot analysis was performed using total RNA
isolated from the mouse striatum (lane 1) and the testis (lane 2). A 300 bp coding
sequence of the PDE10A mRNA spanning exon 7-10 was radiolabelled with [a-
32P1dCTP and used as a probe for hybridization. The two sizes of transcripts detected are
indicated by arrows on the right. The relative mobility of RNA molecular size markers
(RNA millennium marker, Ambion) is shown on the left.
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acids derived from exon la and amino acids 7-779 as reported for the PDE10A1 isoform.
- The 22 amino acids at the amino terminus are identical to the first 22 amino acids from
the human PDE10A2 splice form (Soderling ef al., 1999). The proteins encoded by the

mouse and human PDE10A2 genes are 95% identical at the amino acid level.

Transcription of PDEI0A2 is decreased in HD mice

Previously, it has been shown that there is a decline in the steady-state levels of
the coding region of PDE10A mRNA in the striatum of two strains of transgenic HD
mice R6/1 and R6/2 (Hebb et al., 2004). Since the steady-state abundance of mRNA is
dependent on the net difference between the rate of synthesis and decay (Ross, 1995), the
N-terminal mutant huntingtin-dependent decrease in PDE10A mRNA levels could be
caused by a decreased rate of transcription of the PDE10A gene or decreased PDE10A
mRNA stability. In sifu hybridization analyses were performed using oligonucleotide
probes complementary to the PDE10A2 3’ UTR (HD1) and the coding region common to
PDE10A1 and PDE10A2 (HD 40). There was no difference in PDE10A mRNA levels
between the wild-type littermates of R6/1 or R6/2 mice using either prébe (data not
shown). Brain sections from wild-type and R6/1 transgenic HD mice between 3 and 29
weeks of age and R6/2 transgenic HD mice between 3 and 12 weeks of age were
subjected to in situ hybridization analysis to determine the relative hybridization of the
two probes. There was no statistically significant difference in the relative intensity of
HD40-specific hybridization among different ages of wild-type mice. Levels of HDI-
specific hybridization declined with increasing age in wild-type mice (Fig. 3-3A). The

levels of HD1-specific hybridization were significantly different in 11 to 30 week-old



79

Figure 3-3. In situ hybridization analysis of PDE10A mRNA in R6/1 and R6/2 HD
mouse striatum. Antisense probes HD40 and HD1 are complementary to sequences
encoded by exon 14 and exon 25, which detected the coding sequence and the 3° UTR of
the PDE10A2 transcript, respectively. Following in situ hybridization, optical density
values were obtained by densitometric analyses from brain sections derived from four
individual mice per age and genotype. The optical density values of the HD40- (open
circles) and HD1-specific (closed circles) hybridization signal in the striatum are
presented as mean + standard error of the mean (SEM). SigmaPlot was used to fit curves
that best describe the rate of decline (equation ¥ =Y,+ae®¥) in PDE10A mRNA levels in
wild-type (A), R6/1 (B) and R6/2 (C) mice.
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compared ‘to 3 week-old wild-type mice. In contrast, the decrease in the steady-state
levels of the coding region and 3°’UTR were described by a simple exponential decay
curve in R6/1 and R6/2 mice (Fig. 3-3B and 3-3C). There was a significant difference in
the levels of coding region- and 3° UTR-specific hybridization signal in all R6/2 mice
older than 4 weeks of age compared to the levels in 3 week-old wild-type and R6/2 mice.
Similarly, the levels of PDE10A mRNA that hybridized with the coding region- and 3’
UTR-specific probes were significantly different from wild-type levels by 5 and 6 weeks
of age in R6/1 mice. Comparison of the rate constant (b value) for each exponential
decay curve revealed that the ratios of the rate constant for the decline in the coding
region and 3’UTR were similar for both R6/1 (1.47) and R6/2 (1.54) mice demonstrating
that the PDE10A mRNA coding sequence and the 3’UTR decline proportionally in both
lines of R6 transgenic HD mice. The reduced steady-state level of PDE10A mRNA in
the striatum of HD mice, therefore, did not appear to be associated with instability of
PDE10A2 transcripts mediated by the striatum-specific extended 3’UTR.

In order to confirm that the décreased steady-state level of PDE10A mRNA in the
striatum of HD mice was due to reduced transcription rather than post-transcriptional
mRNA instability, we determined the copy number of PDE10A2 primary and mature
transcripts in total RNA isolated from 3, 5, 6 and 12 week-old wild-type and R6/1 mouse
 striata using real-time quantitative RT-PCR (qRT-PCR) (Fig. 3-4). Since intron splicing
of newly synthesized RNA occurs co-transcriptionally, quantitative measurement of the
amount of primary transcripts at any given time indirectly reflects the rate of transcription
(Elferink & Reiners, 1996). The gene-specific primer RT1 that is located at intron la and

the gene-specific primer RT2 that is located at exon 5 were used in RT reactions,
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Figure 3-4. Levels of PDE10A2 mature and primary transcript decreased starting
at 6 weeks of age in R6/1 mice. Copy number of mature and primary PDE10A2
transcript and HPRT cDNA were quantified by gqRT-PCR. Total RNA was isolated from
3,5, 6 and 12 week-old wild-type (WT, filled bars) and R6/1 (open bars) striatal tissues.
cDNAs were obtained by reverse transcriptase reaction using gene-specific primers. The
levels of mature and primary PDE10A2 transcripts were normalized to levels of HPRT.
The ratio of mature (A) or primary (B) PDE10A2 cDNA to HPRT cDNA is presented as
mean + SEM (N = 5 for each age and genotype). *P<0.05, **P<0.001, significant
difference between wild-type and R6/1. (Two-way ANOVA).
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which allow us to specifically amplify primary transcripts and mature transcripts,
respectively. The amounts of primary and mature PDE10A2 transcripts were normalized
to the levels of hypoxanthine guanine phosphoribosyltransferase (HPRT) amplified from
each cDNA sample. There was no difference in the levels of HPRT transcripts in striatal
tissue isolated from 3 and 5 week-old wild-type or R6/1 mice (Luthi-Carter et al., 2000).
There was a significant decrease in the copy number of primary (Fig. 3-4B) and mature
transcripts (Fig. 3-4A) in 6 (P<0.05) and 12 (P<0.001) week-old R6/1 mice striata
compared to age-matched wild-type striata. The ratio of primary and mature PDE10A2
transcript (~1:10) remained constant in all samples tested demonstrating that the decline
in PDE10A2 mature transcript was proportional to the decline in primary transcript
levels. This observation, in conjunction with the previous regression analyses of
PDEI1OA in situ hybridization signal density, was consistent with the hypothesis that the
decreased steady-state levels of PDE10A2 mRNA in the striatum of transgenic HD mice
was caused by altered transcription initiation rather than increased mRNA degradation.
In situ hybridization and quantitative RT-PCR both demonstrated that the earliest
time point for the N-terminal exon 1-encoding mutant huntingtin to exert significant
repression on transcription was at 6 weeks of age in R6/1 and 4 weeks of age in R6/2
mice. The in situ hybridization results also demonstrated that the rate of decline for the
steady-state level of the PDE10A mRNA was faster in R6/2 than in R6/1 (Hebb et al.,
2004). These observations suggest that the difference in the rate of decline of the
PDE10A mRNA between two transgenic HD mice strains could be due to the expression
level of the N-terminal mutant huntingtin, the length of CAG repeats, or combination of

both. A polyclonal antibody (Hum I) was raised against the human huntingtin-specific
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peptide PQLPQPPPQAQPLLPQPQC located immediately downstream of the
polyglutamine repeat within the protein sequence expressed by R6/1 and R6/2 mice
(Rodriguez-Lebron ef al., 2005). Western blot analysis using the Hum I polyclonal
antibody was used to determine the expression level of the mutant huntingtin transgene in
forebrain lysate isolated‘ from various ages of R6/1 and R6/2 mice. A 300 kDa Hum I-
immunoreactive band was detected in brain extracts isolated from 3 week-old and 12
week-old R6/1 mice but not from wild-type mice of the same ages demonstrating the
expression of the N-terminal mutant huntingtin protein in HD mice. The level of the N-
terminal mutant huntingtin was higher in forebrain extracts from 12 weeks compared to 3
weeks suggesting that there was an age-dependent accumulation of mutant huntingtin
transgene products in the forebrains of R6/1 mice (Fig. 3-5A). Subsequently, the levels
of mutant huntingtin transgene products were examined in forebrain lysate of R6/1 and
R6/2 mice at 3, 5, 9 and 12 weeks of age. The optical density of the detected N-terminal
mutant huntingtin products in different ages was individually normalized to the optical
density of an unchanged amido-black positive band (50 kDa) and the ratio was
represented as relative optical density (Fig. 3-5B). The levels of the N-terminal mutant
huntingtin were first detected in the forebrain of 3 week-old mice and increased
significantly at 5 weeks of age and remained constant at the age of 9 and 12 weeks in
R6/1 and R6/2. This suggests that the maximal level of expression was reached by 5
weeks of age in both R6/1 and R6/2 (31P<0.01, ~ P<0.01, N=3). Importantly, the
expression level of the N-terminal mutant huntingtin in R6/2 mice was higher than that
observed in R6/1 in all the ages examined (Fig. 3-5B. *P<0.05, N=3). The results

indicated that the rate of decline for the steady-state levels of the PDE10A2 mRNA in the
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Figure 3-5. The levels of mutant huntingtin transgene product in the brains of R6/2
mice was significantly higher than in R6/1 mice at 3, 5,9 and 12 weeks of age.
Western blotting of mutant huntingtin protein was performed using protein extracts from
the brains of 3 (lane 2) and 12 week-old R6/1 (lane 4) mice and their wild-type littermate
controls (lane 1, 3) (A). Molecular weight of detected mutant huntingtin protein is
indicated at the left of the panel A. A 50 kDa amido black-stained band served is used as
a loading control. Densitometric analyses of the levels of detected mutant huntingtin
protein in the brain extracts of 3, 5, 9 and 12 week-old R6/1 and R6/2 mice (B). The
histogram shows the mean optical density (#SEM, N=3) of the levels of mutant
huntingtin in R6/1 mice (black bars) and R6/2 mice (grey bars) normalized to the optical
density of the 50 kDa control band. * P<0.05, significant difference between R6/1 and
R6/2 at each age. $P<0.01, significant difference between 3 weeks and other weeks of
R6/1 mice. ~P<0.01, significant difference between 3 weeks and other weeks of R6/2
mice. (Two-way ANOVA).
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striatum correlated with both the expression of the N-terminus of mutant huntingtin and

the length of CAG repeat in R6 mice.

Identification of the transcription start sites

Based on the identification of two PDE10A isoforms with unique 5’ ends, the
promoters for PDE10A2 and PDE10A1 were likely located upstream of exon la and
exon 1, respectively. To define transcription initiation sites, 5’RLM-RACE was carried
out to determine the 5 end of full-length capped PDE10A mRNA present in striatal
tissue isolated from wild-type mice. After nested PCR reactions using cDNA prepared
from RNA adapter-ligated full-length mRNA, a mixture of PCR products of ~120-150 bp
was observed that corresponded to the 5’ ends of 7-methyl G capped PDE10A2 mRNAs
(Fig. 3-6A). A PCR product of approximately 500 bp was detected that corresponded to
the 5’ ends of the PDE10A1 mRNAs (Fig. 3-6B). The 5’RLM-RACE products were
cloned and several clones were sequenced. Two transcription start sites were identified at
positions -337 and -307 relative to the position of the translation initiation codon
(designated as +1) in exon la as illustrated as site A and B in Fig. 3-8A. One
transcription start site was identified at -657 relative to the +1 site in exon 1 (Fig. 3-8B).

To determine whether the expression of the N-terminal mutant huntingtin in R6/1
mice differentially alters the relative amount of mRNA with 5 ends that corresponded to
these transcription initiation sites, we used ribonuclease protection assays (RPA) to
confirm the usage of start sites identified by 5’RLM-RACE and to determine the levels of
transcripts derived from different start sites in both wild-type and R6/1 mice. Two clones

that represent start sites corresponding to -337 (relative to +1 ATG start site) in exon la
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Figure 3-6. Determination of the 5' ends of PDE10A2 (A) and PDE10A1 (B) cDNA
using 5' RNA-ligase mediated RACE. 5' RLM-RACE products were fractionated on
2% agarose gels. For A and B, lane 1 is 100 bp Ladder (MBI, Fermentas). Molecular
weights are indicated to the left of each panel. Lane 2 is the experimental reaction that
included tobacco acid pyrophosphotase treatment (+TAP). Lane 3 is the control reaction
without TAP treatment. The PCR products from the +TAP reaction as indicated by
arrows were cloned and sequenced.
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(for PDE10A2) and -657 in exon 1 (for PDE10A1) were used to synthesize riboprobes
RPA-P1 and RPA-P2, respectively. Three PDE10A2-specific transcripts were detected
with a size of 112 nt, 82 nt and 71 nt, respectively, in 4 week-old wild-type and 9 week-
old R6/1 striatal RNA (lane 7 and 8). The 112 nt and 82 nt protected RPA products
corresponded to transcription initiation sites at positions -337 and -307, respectively, as
identified by 5S’RLM-RACE, which was designated as start site A (-337) and B (-307) in
Fig. 3-8A. The size of the third protected band (71 nt) corresponded to position —296 that
was depicted as start site C in Fig. 3-8A. The levels of 87 nt and 71 nt transcripts were
both decreased in RNA isolated from the striatum of 9 week-old R6/1 mice compared to
the levels detected in 4 week-old wild-type mice. The level of 112 nt transcript was
relatively unchanged between RNAs from these two groups. A 245 nt protected
transcript was detected using a full-length 304 nt B-actin probe in 4 week-old wild-type
and 9 week-old R6/1 (Fig. 3-7, lanes 3 and 4) and the levels of protected B-actin
transcript remained unchanged between these two groups. Two protected transcripts 460
nt and 322 nt were detected in both 4-week old wild-type and R6/1 mice using a 552 nt
RPA-P2 riboprobe (Fig. 3-7B), which corresponded to start site 1 (-657) and 2 (-419) in
the PDE10A1 ¢cDNA shown in figure 3-8B. In contrast, the levels of the 460 nt and 322
nt transcripts did not change in the striatum of 4 week-old R6/1 mice compared to that in

wild-type mice.

Regulation of the transcripts derived from start sites in HD mice striata
Since there were decreased levels of transcripts associated with specific start sites,

we wanted to examine how the expression of the N-terminus of mutant huntingtin in R6/1
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Figure 3-7. Determination of transcription start sites of the PDE10A2 mRNA (A)
and the PDE10A1 mRNA (B) using RNase protection assays. RNase protection
assays were performed with (-actin riboprobes (lane 1-4) and PDE10A2-specific full-
length riboprobes (lane 5-8) using total RNA isolated from 4 week-old wild-type (lane 3,
7) and 9 week-old R6/1 mice striata (lane 4, 8) (A). The RPA products were fractionated
on 12% denaturing polyacrylamide gels. Control reactions contained excess probe and
yeast tRNA but no mouse RNA (lane 2, 6). RNase protection assays were performed
with PDE10A1-specific riboprobes (lane 1-4) (B). Two protected bands were detected
in RNA isolated from 4 week-old wild-type (lane 3) and R6/1 mice striata (Iane 4). The
protected products were fractionated on 5% denaturing polyacrylamide gels. No product
was detected in the control reaction that contained excess probe and yeast tRNA but no
mouse RNA (lane 2). The relative mobility and size of riboprobes and their protected
products are indicated on the right of each panel.
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Figure 3-8. Schematic view of the 5' ends of PDE10A2 (A) and PDE10A1 (B)
c¢DNAs. Exon 1a, exon 1 and exon 2 are illustrated as open, gray and hatched boxes,
respectively. The positions of transcription start sites relative to the translation initiation
codon (+1) of each cDNA were determined by comparing the sequences of the 5' ends of
cloned 5' RLM-RACE clones with genomic DNA. Transcription start sites used for the
PDE10A2 mRNA that were verified by RNase protection assays are indicated as A, B
and C in A. Transcription start sites used in the PDE10A1 mRNA are numbered in B.
The relative position of gene-specific primers used for 5' RLM-RACE are indicated by
arrows.
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mice exerts transcriptional repression from specific transcription start sites during the
progression of HD. RPA was performed using the RPA-P1 and RPA-P2 riboprobes in
RNAs isolated from 4, 9 and 22 week-old R6/1 HD mice and age-matched wild-type
littermates. As shown in Fig. 3-9A, three protected bands were detected using the 170 nt
RPA-P1. The size of these protected fragments corresponded to three transcription sites
inexon la as A, B and C site, respectively (Fig. 3-8A). Transcripts derived from the
three sites were equally abundant in 4 week-old wild-type and R6/1 HD mice suggesting
that each transcription initiation site contributed equally to the population of PDE10A2
mRNAs in the mouse striatum (Fig. 3-9A). The mRNAs that initiated at position -307
(site A) and -296 (site B), which cbrresponded to the 82 and 71 nt protected bands in
RPA, were decreased in 9 and 22 week-old R6/1 HD mice compared to wild-type mice.
The steady-state level of PDE10A2 mRNA derived from transcription start sites B and C,
therefore, were affected by the expression of the mutant huntingtin transgene in 9 and 22
week-old R6/1 mice. Densitometric analyses of the relative amount of each protected
RNA band revealed that the levels of transcripts derived from sites B and C were
decreased in R6/1 mice to ~50% of those observed in wild-type mice, while the level of
the transcript derived from the site A in R6/1 mice was similar to that observed in wild-
type mice (Fig. 3-9B). In situ hybridization using a probe complementary to the
sequence between start site A and B (HD88) confirmed that there was no statistically
significant difference in the levels of mRNA that initiated at site A between 16 week-old
wild-type and R6/1 transgenic mice (data not shown). It was not possible to directly test

whether the levels of transcripts that initiated at sites B and C decreased in vivo. The
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Figure 3-9. PDE10A2 mRNAs that are derived from three transcription start sites
differentially decreased in striatal tissue of R6/1 compared to wild-type mice.
RNase protection assays of PDE10A2 mRNA were performed using 20 pg of total RNA
isolated from 4 (lanes 1 and 2), 9 (lanes 3 and 4) and 22 (lanes 5 and 6) week-old wild-
type (lanes 1, 3 and 5) and R6/1 (lanes 2, 4 and 6) mice striata (A). The RPA reaction
products were fractionated on 12% denaturing polyacrylamide gels. The PDE10A2-
specific full-length riboprobe was 170 nts in length (lane P). Three protected bands
were detected. The relative mobility and size of these protected products are indicated.
No product was observed in control reactions that contained excess probe and yeast
tRNA but no mouse RNA (data not shown). Reactions using aliquots of the
experimental RNAs (1 pg) and a B-actin-specific riboprobe were used to normalize the
amount of input RNA for each sample (shown below panel A). The optical density of
each protected PDE10A2-specific band normalized to the optical density of the -actin
protected band from each RNA sample is shown in the histogram in B and expressed as
ratios of optical density for each band to those observed in 4 week-old wild-type mice.
The identity of each band is indicated in the inserted legend.
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levels of B-actin mRNA did not change over the time and were included in all assays as a
control for the amount of input RNA (Fig. 3-9A).

In the striatum, PDE10A1 mRNA was not detected using standard RT-PCR
conditions indicating that the levels of PDE10A1 were lower than the levels of PDE10A2
mRNA (Fig. 3-1C). However, a specific 498 bp product was amplified from the striatal
RNA in 5’RLM-RACE reactions using exonl-specific primers. Similarly, two protected
transcripts were detected using the RPA-P2 probe in RNA isolated from 4 week-old wild-
type mice. Therefore, PDE10A1 was expressed in the striatum (Fig. 3-6B and 3-7B).

We used RPA to determine whether the expression of PDE10A1 mRNA from different
transcription start sites in the striatum was affected by the expression of the mutant
huntingtin transgene. RPA was performed using striatal RNA from 4, 9 and 22 week-old
R6/1 HD mice and age-matched wild-type mice. As shown in Fig. 3-10A, two major
protected products of 460 and 322 nts were observed following RPA. Unlike the
protected products corresponding to the 5° ends of PDE10A2 transcripts, the protected
products of exonl-containing transcripts were only detected after an extended exposure
of the RPA blot to the film demonstrating that PDE10A1-specific transcripts are
relatively rare in the striatum. The 460 nts product corresponded to the expebcted size of
PDE10A1 mRNA that was transcribed from the start site at — 657 bp (site 1) upstream of
the ATG in exon 1. The 322 nts product corresponded to transcripts that initiated at
position -419 (site 2) (Fig. 3-10A). The levels of protected products corresponding to
PDE10AL1 transcripts derived from site 1 in the promoter upstream of exon 1 in 9 and 22
week old R6/1 mice were ~60% of that observed in wild-type mice. The PDE10A1

mRNA derived from site 2, however, appeared to decrease with increasing age in wild-
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Figure 3-10. PDE10A1 mRNAs that are derived from one transcription start site
decreased in striatal tissue of R6/1 compared to wild-type mice. RNase protection
assays of PDE10A1 mRNA were performed using 40 pg of total RNA isolated from 4
(lanes 1 and 2), 9 (lanes 3 and 4) and 22 (lanes 5 and 6) week-old wild-type (lanes 1, 3
and 5) and R6/1 (lanes 2, 4 and 6) mice striata (A). The protected products were
fractionated on 5% denaturing polyacrylamide gels. The PDE10A1-specific full-length
riboprobe was 520 nts (lane P). Two protected bands were detected. The relative
mobility of these protected products and size are indicated. No product was observed in
control reactions that contained excess probe and yeast tRNA but no mouse RNA (data
not shown). Reactions using aliquots of the experimental RNAs (1 pg) and a B-actin-
specific riboprobe were used to normalize the amount of input RNA for each sample.
The optical density of each protected PDE10A1-specific band normalized to the optical
density of the B-actin protected band from each RNA sample is shown in the histogram
in B and expressed as ratios of optical density of each band to those observed in 4 week-
old wild-type mice. The identity of each band is indicated in the inserted legend.
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type and HD mice. Therefore, the steady-state levels of PDE10A1 mRNA that initiated
from site 1 in the promoter upstream of exon 1 appeared to be affected by the N-terminus
of mutant huntingtin while the levels of transcripts derived from site 2 were affected by
age and not the genotype of the mice. Based on the relative abundance of PDE10A1 and
PDE10A2 mRNA in the striatum and the observation that there is a significant loss of
transcripts derived from sites B and C in the promoter upstream of exon la, it appears
that the loss of PDE10A mRNA detected by in situ hybridization (Fig. 3-3) and northern
blot analysis (Fig. 3-2) was due to loss of PDE10A2 mRNA that initiate at sites B and C
in the exon la-specific promoter.

Next, we examined whether PDE10A mRNA levels in the testes were affected by
the expression of the mutant huntingtin transgene in R6 mice. RNA was isolated from
the testes of 4 and 9 week-old wild-type, R6/1and R6/2 mice and used as the substrate for
RPA using probes specific to exonla and exon 1. There were no protected bands in
reactions containing testes RNA that were equivalent in size to the bands after RPA of
striatal RNA using the 170 nt exonla- or 520 nt exon!-specific probes (Fig. 3-11A) and
3.11B). Using the 520 nt exonl-specific probe, we did detect a faint 52 nt protected
product in each sample of testes RNA following fractionation of the RPA products in
12% polyacrylamide gels (data not shown). We did not observe this 52 nt protected
product when striatal RNA was included in the RPA reactions. This protected fragment
corresponded to the 5° end of the testis-specific PDE10A1 ¢cDNA described previously
(Soderling et al., 1999, GenBank Accession Number AF110507). The transcription of

PDE10A1 and PDE10A2, therefore, initiate at different sites in the
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Figure 3-11. PDE10A1 and PDE10A2 mRNAs initiated at different transcription
start sites in the mouse testis and striatum. RNase protection assays with the
PDE10A2-specific 170 nt riboprobe were performed using 20 pg of total testis RNA
from 4 (2 and 3) and 9 (lanes 4, 5 and 6) week-old wild-type testis RNA (lanes 2 and 4),
R6/1 testis RNA (lanes 3 and 5) and R6/2 testis RNA (A). The positive control reaction
included striatal RNA isolated from the striatum of 4 week-old wild-type mice (lane 1).
A B-actin-specific riboprobe was used to normalize input RNA in each sample. We did
not observe any protected bands in testis RNA using the PDE10A2-specific riboprobe
indicating that transcription of PDE10A2 mRNA initiates at different transcription start
sites in the mouse testis compared to the striatum. RPAs with the PDE10A 1-specific
520 nt riboprobe were performed using 20 pg of total testis RNA from 4 (2 and 3) and 9
(lanes 4, 5 and 6) week-old wild-type testis RNA (lanes 2 and 4), R6/1 testis RNA (lanes
3 and 5) and R6/2 testis RNA (B). The positive control reaction included striatal RNA
isolated from the striatum of 4 week-old wild-type mice (lane 7). The relative mobility
of the full-length probe is shown in lane P. Lane 1 contains excess riboprobe and yeast
RNA but no mouse RNA. Input RNA was equivalent in each sample as shown by the p-
actin riboprobe-protected bands shown below panels A and B.
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striatum and testis and the levels of PDE10A1 and PDE10A2 transcripts were affected by

the expression of the mutant huntingtin transgene in the striatum, but not in the testis.

Comparison of PDE10A2 promoter region between mouse and human

The genomic DNA sequence upstream of the identified transcription start sites in
the mouse PDE10A2-specific exon 1a is highly GC-rich and does not contain typical
TATA or CAAT boxes. Similarly, the human PDE10A2 and PDESA promoters do not
contain TATA or CAAT boxes (Fujishige ef al., 2000; Lin et al., 2001). The mouse and
‘human PDE10A2-specific promoters were aligned using CLUSTALW (Thompson et al.,
1994). The mouse PDE10A promoter was analysed for putative transcription factor
regulatory elements using Matlnspector 2.2 (Quandt et al., 1995) and potential cis-acting
regulatory elements that were conserved between the human and mouse PDE10A
regulatory regions were identified (Fig. 3-12A and B). Numerous myeloid zinc finger 1
(MZEF-1) and specificity protein (Spl) binding elements were found distributed
throughout the promoter region (Table 3-1). Several GC-rich transcription factor
binding sites known to be involved in cell cycle regulation and differentiation such as
early growth response protein | (NGFI-A and NGFI-C) and activator protein (AP) family
proteins (AP4 and AP1) were also identified. One NF-kappaB and one AP4 cis-elements
were identified between transcription start sites A and B, suggesting that NF-kappaB or
AP4 may participate in the expression of PDE10A2 from transcription initiation sites B
and C. We did not observe any cAMP response element (CRE) or nuclear receptor co-
repressor (NCoR)-dependent recognition elements that were conserved in the PDE10A2-

specific promoters.
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Table 3-1. Conserved potential cis regulatory elements in the mouse and human

PDE10A2 promoters.
Transcription Consensus  Number )
| . Position
factors Sequence of sites
-714, -539, -485, -480, -419, -329,
MZF-1 ceece i -143,-134, -117,-93, +26
-659, -577, -522, -498,
GC-1 GGAG 7 -394, -342, -11
-970, -964, -933, -882, -736,
Spl GGCG/GGAG 9 210, -60, -38, -23
AP4 CAGC 4 -894, -288, -63, +9
AP2 CCCA/CCCG 4 -708, -548, -327, -223
AHRARNT CGTG/CACG 2 -813, -811
NF1 TGGC 2 -511, -357
NGFI-A GCGGGGGCG 1 -587
NGFI-C GCGG 1 -587
MyoD CATC 1 -109
E47 GCAG 1 -103
NF-kappaB TCCC 1 +16

'MZF-1, myeloid zinc finger 1; GC-1, GC-box elements; Spl, specific protein 1,
AP4/AP2, activation protein 4/2; NGFI-A, early growth response protein-1A; NGFI-C,
early growth response protein-1C; AHRARNT, aryl hydrocarbon receptor /Ah receptor
nuclear translocator heterodimers; NF-kappaB, nuclear factor kappaB; MyoD, myogenic

regulatory factor D. NF1, nuclear factor 1.

*Number of 5’bp of recognition sequence relative to +1 of the mouse PDE10A promoter
as shown in figure 3-8.
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Figure 3-12. Comparison of mouse and human PDE10A2 promoter regions
revealed that they are highly conserved. Schematic representation of the promoter
region upstream of the PDE10A2-specific exon 1a showing the relative position of
selected transcription factor recognition sites that are conserved in both the mouse and
human PDE10A2-specific promoters is shown in A. The promoter region, 5° UTR and
coding sequence are depicted as solid, hatched and gray bars, respectively. The position
of conserved transcription factor binding sites relative to the 5’ most transcription
initiation site (site A, Fig. 3-7A) are indicated. CLUSTALW alignment of the mouse and
human PDE10A2 promoter sequences is shown in B. The asterisks represent conserved
nucleotides in the human PDE10A2-specific promoter compared to the mouse sequence.
Dashes indicate insertion/deletions. The position indicated by +1 is the first of three
major PDE10A2 transcription initiation sites in the mouse sequence and numbering on
the left is relative to this +1 position. Arrows pointing to the right above the mouse
PDEI10A sequence represent transcription start sites identified in this study. The arrow
pointing to the right below the human PDE10A sequence represents transcription start
sites reported by Fujishige et al. (2000). The amino acid sequence of mouse and human
PDE10A2 is shown above the aligned coding sequence.
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3.3 Discussion

In this study, we demonstrated that PDE10A expression in the striatum and testis
is regulated through differential promoter usage, alternative splicing and polyadenylation
site selection giving rise to an abundant 9 kb mRNA that includes the sequence of exon
la in the striatum and a 4 kb mRNA that includes the sequence of exon 1 in the testis.
The use of different transcriptional units and exon splicing of a single PDE gene to
regulate protein production in different tissues is common among different PDE genes in
a variety of mammalian cells (Beavo, 1995; Conti & Jin, 2000; Soderling & Beavo,
2000). We also demonstrated that the expression of the N-terminus of mutant huntingtin
in R6 HD transgenic mice decreased the rate of transcription from two of three
transcription initiation sites on the promoter of the striatial-specific isoform, PDE10A2,
and that the decreased transcription was associated with transcription start sites used in

the striatum but not in the testis.

The levels of the N-terminus of mutant huntingtin in R6 mice determined the initial time
and the rate of decline of the steady-state level of the PDE10A mRNA

‘The R6/1 and R6/2 transgenic HD mice both express exon 1 of the human
huntingtin as a transgene under the control of the endogenous human huntingtin promoter.
They differ in the length of CAG repeat (R6/1, 'N89-115Q; R6/2, N89-150Q) and the site
of transgene integration (Mangiarini et al., 1996). Using a polyclonal antibody against an
epitope downstream of the polyglutamine repeat region, we observed a higher level of

expression of the N-terminus of mutant huntingtin protein in the brains of R6/2 compared

' The constructs used in this thesis are defined by the number of amino terminal amino acids of the human
huntingtin sequence they express followed after the dash by the number of contiguous polyQ within the
amino acid sequence.



105

to that in R6/1 mice. This is consistent with previous observations that the levels of
transgene expression are about 31% and 75% of the endogenous huntingtin in R6/1 and
R6/2, respectively (Mangiarini ef al., 1996). The size of the detected transgene product
(~300 kDa) exceeded the predicted molecular weight for both the R6/2 and R6/1
transgene proteins, indicating that the Hum I antibody detected a form of the N-terminal
mutant huntingtin that had formed a soluble protein aggregate, perhaps in association
with other proteins, even though the samples were treated to dissociate protein complexes
for gel electrophoresis. This observation agrees with previous findings that the N-
terminal exon 1-encoding mutant huntingtin in R6 mice has a property of forming highly
stable self-aggregates and aggregates with other proteins via the polyglutamine region

(Davis et al., 1997; Busch et al., 2003).

The steady-state levels of the PDE10A (Hebb et al., 2004), cannabinoid receptor
1 (CB1) (McCaw et al., 2004), dopamine- and adenosine-regulated phosphoprotein
(DARPP32) (Gomez et al., 2006) and preproenkephalin mRNAs (Gomez and Denovan-
Wright, unpublished result) start to decrease at 4~5 weeks of age in the striatum of R6/1
mice. The amount of detectable mutant huntingtin N89-115Q in R6/1 increased starting
at ~ 4 weeks of age (Fig 3-5). It appeared that the amount of the N-terminal mutant
huntingtin expressed correlated with when the mRNA levels started to be affected. It has
been shown that the rate of decline for the steady-state levels of each transcript in the
 striatum of R6/2 mice is faster than in R6/1 mice (Hebb et al., 2004; McCaw ef al., 2004,
Gomez et al., 2006). This could be attributed to the level of expression of transgene
product, the length of CAG repeats within the transgene, the insertion site of the

transgene, or a combination of all. The observation that R6/2 mice had a higher
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expression and a faster rate of accumulation of the N-terminal mutant huntingtin
compared to R6/1 mice provides evidence that the level of transgene expression may be
one of the determining factors for the differential rate of decline of these transcripts in

these two lines of HD transgenic mice.

In eukaryotes, the primary transcript is first synthesized during transcription
followed by RNA processing that includes 5° end capping, co-transcriptional splicing of
intron, and addition of a poly(A) tail, yielding a functional mRNA. However, the levels
of mRNA measured at any one time reflect the balance between synthesis and mRNA
turnover. Multiple copies of AU-rich response elements (AREs) are situated between the
first and the second polyadenylation signal in exon 25 included in the extended 3 UTR
in striatal PDE10A2. ARESs influence mRNA stability and a subset of AREs enhance the
rate of mRNA degradation by stimulating poly(A) shortening by 3’ to 5’ ribonucleases
(Ross, 1995). We hypothesized that the decrease in the steady-state level of PDE10A2
mRNA in the striatum of HD mice (Hebb et al., 2004) may have been caused by 3’UTR
mRNA instability. In wild-type mice, the levels of PDE10A detected by a coding region-
specific probe did not change with increasing age although the levels of mRNA
containing the extended 3’ UTR did decline suggesting that the 3’ UTR may be less
stable in older wild-type mice. In contrast, in R6 mice, the rate of decline in the
PDE10A?2 coding sequence was proportional to the rate of decline in the PDE10A2 3’
UTR sequence. The decrease in both the coding and 3° UTR regions began at ~ 4 and 5-
6 weeks of age in R6/2 and R6/1 mice, respectively. These observations suggest that the
early decline of PDE10A mRNA in HD mice was not associated with the N-terminus of

mutant huntingtin transgene-induced 3° UTR instability. Further, there was a significant
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decline in the levels of primary and mature transcripts of PDE10A?2 starting at 6 week-(:;ld
R6/1 mice (P<0.05). The parallel decline of mature and primary transcripts of PDE10A
indicated that the presence of the mutant huntingtin N89-115Q affected transcription
initiation of PDE10A2 mRNA rather than post-transcriptional mRNA stability. Similarly,
we have found that the rate of transcription of the CB1 (McCaw et al., 2004) and
DARPP-32 genes is reduced in 4 week-old R6/2 and 5-6 week-old R6/1 mice compared
to wild-type mice (Gomez ef al., 2006). In each case, the initial time of decrease and rate
of decrease was dependent on the length of polyglutamine repeats or the amount of

mutant huntingtin transgene product expressed in the two R6 mouse strains or both.

The N-terminal mutant huntingtin selectively reduced transcription from specific
transcription start sites on the PDE10A2 promoter

In the striatum, transcription initiates at three distinct sites in the PDE10A2-
specific promoter. These sites, located within a S0 bp region, were identified by S’RLM-
RACE and RPA analysis. Similarly, cDNAs with 3 different 5 ends were identified for
human PDE10A2 (Fujishige et al,, 2000). The relative position of the start sites in the
mouse PDE10A2 gene did not correspond to any of the 5° ends identified in human
PDE10A2 mRNAs. In contrast to the reported 5° cDNA ends of human PDE10A2,
which are ~30 bp upstream from the ATG codon (Fujishige et al., 2000), the farthest 5’
transcription start site in exon 1a of the mouse PDE10A gene was 333 bp upstream of the
ATG codon (Fig. 3-12).

Transcripts from transcription start site B and C were decreased while transcripts

from site A were relatively unaffected by the expression of the N89-115Q in R6/1mice.
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In contrast, the N89-115Q transgene product appears to ubiquitously exert repression on
all transcription start sites used on the CB1 and DARPP32 genes (McCaw er al., 2004;
Gomez et al., 2006). One likely scenario for specific transcriptional repression from start
site B and C but not A is that transcription start sites B and C may be used in different
populations of striatal neurons than start site A. These two populations of cells could
have different concentrations of the N-terminal mutant huntingtin N89-115Q or other
transcription factors that influence the activity of mutant huntingtin, thus leading to
different levels of transcription from the PDE10A promoter. This scenario, therefore,
would predict complete loss of transcripts from some cells but little change in mRNA
levels in other cells. We have been unable to determine whether these mRNAs are
produced by different subpopulations of neurons within the striatum. Emulsion
autoradiography demonstrated that there was a uniform decrease in hybridization
intensity of a PDE10A2-specific probe in R6/2 compared to wild-type mice (data not
shown), suggesting that there are not distinct subpopulations of neurons that express
PDE10A2 mRNA from specific start sites. However, this technique may lack precision
for quantification of mRNA levels in neuronal subpopulations. A second scenario is that
start sites A, B and C are used in the same cells and mutant huntingtin N8§9-115Q affects
the activity of RNA pol Il on site B and C extensively but less so on site A. This would
predict even loss of transcripts throughout the striatal cells. Indeed, Hebb et al. (2004)
observed that there is even distribution of the PDE10A mRNAs in the striatum, nucleus
accumbens and olfactory tubercle of mice and rat and that there is even loss of transcripts
in these brain regions in 10 week-old symptomatic R6/2 HD (N89-150Q) mice. This

suggests that mutant huntingtin N89-115Q in R6/1 mice expressed within the same
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striatal cells may have a different sensitivity on the transcription from site B and C than
site A. Moreover, it has been shown that the preproenkephalin mRNA is preferentially
lower in the spiny striatal neurons projecting to the lateral pallidum in early stages of HD,
and the substance P mRNA in the medial pallidum is reduced only in later stages of HD
(Richfield et al., 1995). It remains to be determined whether transcripts from sites B and
C are produced by neurons projecting to the lateral globus pallidum, which are affected
early in HD and whether transcripts from site A are present in neurons projecting to the
medial pallidum, which are affected late or whether all transcripts are produced by striatal

neurons and differentially affected by the amino terminus of mutant huntingtin.

Mutant huntingtin may interact with specific transcription factors in the striatum to alter
transcription initiation

Neuronal intranuclear inclusions (NIIs) are first observed in the brains of 8 week-
old R6/1 mice and 4.5 week-old R6/2 mice and the proportion of striatal neurons
containing NIIs increases to ~ 80% of the neuronal populations by about 15-16 weeks in
R6/1 and 10 weeks in R6/2 mice. At the same time, the mean inclusion size also
increases markedly (Davies et al., 1997; Hansson et al., 2001). The role of NlIs in the
progression of HD is controversial, with evidence suggesting that they may have a
deleterious or a neuroprotective function in the brain (Sisodia, 1998; Saudou ef al., 1998;
Yu et al., 2002; Bates, 2003; Shastry, 2003; Arrasate et al., 2004). Since the first
appearance of NIIs occur in the hippocampus and the cerebral cortex not the striatum
(Davies et al., 1997; DiFiglia et al.,, 1997; Gutekunst ef al., 1999), it is unlikely that the

neuronal inclusion is causative to the neurodegeneration that first appears in the striatum.
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Saudou et al. (1998) have shown that the presence of neuronal inclusions in the nucleus
does not correlate with huntingtin-induced cell death in cultured striatal neurons
transfected with the N-terminal mutant huntingtin. Interaction of mutant huntingtin with
the extended polyQ repeat of TATA box binding protein (TBP) can structurally
destabilize the transcription factor, which is independent of the formation of insoluble
aggregates (Schaffar ef al., 2004). PDE10A2 primary transcript levels were decreased in
6 week-old R6/1, which precedes the time that NIls are detected in these mice. We have
shown that the accumulation of the Hum i-immunoreactive mutant huntingtin N89-115Q
in the increasing ages of R6/1 mice was directly correlated to the significant decrease in
the steady-state level of PDE10A2 at 4-5 weeks of age in R6/1 mice. This indicates that
this form of mutant huntingtin N89-115Q in R6/1 mice, not the visible nuclear inclusions

which occur late, is likely the cause for the decreased mRNA in R6/1.

Mounting evidence has suggested that the soluble form of mutant huntingtin
interacts with transcription factors to alter transcription of target genes (Saudou et al.,
1998; Dunah et al., 2002; Li et al., 2002; Yu et al., 2002). Molecular modeling and X-
ray diffraction have demonstrated that polyglutamine repeats in mutant huntingtin are
capable of forming B-sheets with other polyglutamine-containing transcription factors via
polar zippers in vitro (Perutz, 1995; Perez et al., 1998). Yeast two-hybrid selection
analyses have shown that mutant huntingtin can interact with NCoR to repress
transcription from sequence-specific ligand-activated receptors such as the retinoid X-
thyroid hormone receptor dimers and other nuclear receptors (Boutell et al., 1999). Co-
immunoprecipitation assays and cellular localization studies demonstrated that the

polyglutamine region in mutant huntingtin can preferentially bind to TAFII130 and
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suppress cAMP-responsive element binding protein (CREB)-dependent transcriptional
activation (Shimohata et al., 2000). Polyglutamine-containing transcription factor
TATA-binding proteins (TBP)-positive structure has been also shown to co-localize with
mutant huntingtin-labeled middle frontal gyrus in HD brains (van Roon-Mom et al.,
2002). Taken together, these studies suggest that the interaction of mutant huntingtin
with factors that control transcription initiation may alter the steady-state levels of
specific mRNAs. However, it remains to be determined how the interaction of mutant
huntingtin with ubiquitous transcription factors and complexes would cause changes in

the expression of a limited number of genes specifically in the striatum in vivo.

Comparison of promoter regions between the mouse and human PDE10A genes
revealed several conserved transcription factor binding site sequences. The highly GC-
rich PDE10A2 promoter region has nine Spl and eleven MZF-1 binding sites. The
soluble form of mutant huntingtin can interact with Sp1, which is thought to cause
decreased transcript levels of target genes such as the D2 receptor and nerve growth
factor (NGF) in cultured HD cells and striatal tissues from HD patients (Dunah et al.,
2002; Li et al.,, 2002). Although in vitro coimmunoprecipitation and binding assays
demonstrated that Sp1 can interact with mutant huntingtin in a polyglutamine length-
dependent fashion and that over expression of Sp1 reduced cell toxicity and other
neuronal defects caused by intranuclear mutant huntingtin (Li ef al., 2002), it remains to
be determined how only a specific subset of Spl-regulated genes are affected by the

expression of mutant huntingtin. For example, the promoter of the mouse B-actin gene

contains several Spl binding sites, but transcript levels of B-actin do not change in HD

mice (Luthi-Carter et al., 2000). CREB-binding protein (CBP) and several transcription
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factors having histone deacetylase activity can interact with the polyglutamine region in
mutant huntingtin but it remains to be determined whether such interaction directly
affects transcription (Shimohata et al.,, 2000; Steffan er al,, 2000). Neuron restrictive
silencing factor (NRSF), a trans-factor that has been shown to accumulate in the nucleus
as result of the expression of mutant huntingtin, decreases the expression of brain-derived
neurotrophic factor (BDNF) and other genes in the cortex (Zuccato et al., 2003). We did
not observe any CRE or neuron restrictive silencing element (NRSE) consensus sequence
of the human and mouse PDE10A2 promoters from -900 to +50 region. Therefore, it is
unlikely that CREB or NRSF are directly involved in the alterations of PDE10A2
transcription in R6 transgenic mice. Although mutant huntingtin has been shown to
interact with NCoR and TBP (Boutell ef al., 1999; Kegel et al., 2002; van Roon-Mom et
al., 2002), the lack of NCoR interacting- thyoid hormone receptor (THR)/retinoic acid
receptor (RAR) response elements and TATA box in the PDE10A2 promoter suggest that
NCoR and TBP may also not be directly responsible for decreased PDE10A2

transcription.

We have identified a striatal-specific PDE10A isoform, PDE10A2, and
determined that in HD transgenic mice the expression of the N-terminal fragment of
mutant huntingtin causes levels of PDE10A2 mRNA to decrease by altering transcription
initiation early in HD progression from the PDE10A2 promoter. We have demonstrated
that the amount and the rate of accumulation of mutant huntingtin transgene products in
the brains of R6/1 and R6/2 mice correlated with the initial time and the rate of decline of
the PDE10A2 mRNA in the striatum of these two HD mice. The N-terminal exon 1

encoding portion of mutant huntingtin N§9-115Q appeared to exert transcriptional
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repression in a promoter- and transcription start site-specific manner on the mouse
PDE10A gene. It remains to be determined how the N-terminus of mutant huntingtin
interferes with the interaction between cis- and trans- elements on the PDE10A2

promoter giving a specific reduction of the mRNA.
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CHAPTER 4

Mutant Huntingtin Affected PDE10A2 Promoter Activity Prior to
Altering DNA-Protein Interactions in Striatal Cells
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4.1 Introduction

We determined that the N-terminus of mutant huntingtin in R6/1 mice decreased
transcription initiation of several striatal-specific genes including PDE10A, CB1 and
DARPP32 and that decreased transcription occurred early in a progressive series of
changes that occur in multiple models of HD and in HD patients (Hebb ez al., 2004;
McCaw ef al., 2004; Gomez et al., 2006 and Chapter 3). Caspase-cleaved N-terminal
fragments of mutant huntingtin accumulate in the nucleus and result in the formation of
Nlls (Davies et al., 1997; DiFiglia et al., 1997; Lin et al., 2001; Schilling et al., 1999). It
remains to be determined whether soluble or insoluble N-terminal mutant huntingtin
directly altered transcription. We chose to study the regulation of the PDE10A2
promoter because the mutant huntingtin N89-115Q expressed in R6/1 mice exerted
specific transcriptional repression on two of three transcription initiation sites (Chapter
3). It remains to be determined how N-terminal mutant huntingtin affected the
interaction between cis- and trans- elements of the PDE10A2 promoter that give a
transcriptional repression on specific start sites.

Many transcription factors have been shown to associate with mutant huntingtin
in vitro and ex vivo. These factors include Spl (Dunah et al.,, 2002; Li et al., 2002), NcoR
(Boutell et al., 1999), CBP (McCampbell et al., 2000; Nucifora et al., 2001), TBP (van
Roon-Mom et al., 2002), p53 (Steffaﬁ et al., 2000) and peroxisome proliferation activator
receptor (PPAR) gamma-coactivator 1 alpha (PGC1-0) (Cui ef al., 2006). Hence, one of
the theories for transcriptional dysregulation is that mutant huntingtin binds to and
sequesters these factors into soluble or insoluble complexes thus compromising their

normal function in transcription. We hypothesized that if sequestration of these factors by
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mutant huntingtin occured in the brains of R6/1 mice, we would see reduced DNA
binding activities of these, and perhaps other, factors on the PDE10A2 promoter.

In this study, we examined how the N-terminus of mutant huntingtin affected
DNA binding activities of transcription factors using multiple techniques that measure
protein-DNA interactions in vitro and determined where the N-terminus of mutant
huntingtin exerted repression on the promoter of the PDE10A2 gene using several cell

culture models of HD.

4.2 Results
Examination of protein-DNA interactions in vitro

To examine whether the human huntingtin transgene product (N89-115Q) in R6/1
mice aitered the DNA binding activity of transcription factors in vitro, nuclear proteins
containing soluble transcription factors were isolated from the forebrains of 5 week-old
wild-type, 5 week-old R6/1, 16 week-old wild-type and 16 week-old R6/1 mice. Western
analyses using an antibody raised against the human huntingtin-specific polyproline
region immediately downstream of the polyQ repeat (Hum 1; Rodriguez-Lebron ef al.,
2005) were performed to determine the distribution of the N89-115Q transgene product
in the subcellular fractions isolated from the forebrains of wild-type and R6/1 HD mice.
There was a ~300 kDa Hum 1-immunoreactive band present in protein fractions isolated
from R6/1, but not wild-type mice. The relative mobility of this R6 mouse-specific
immunoreactive band in western blots was observed iniprevious experiments (Rodriguez-
Lebron et al., 2005). In addition, this antibody cross-reacted with other cellular proteins

that were equally abundant in wild-type and R6/1 mice. The level of mutant huntingtin
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transgene product in total protein isolated from 16 week-old R6/1 mice was increased
compared to the amount observed in total protein isolated from 5 week-old R6/1 mice
(Fig. 4-1A). Low levels of mutant huntingtin transgene product were detected in the
cytoplasmic fraction in both 5 week-old and 16 week-old R6/1 mice (Fig. 4-1A). There
were similar levels of mutant huntingtin transgene product in the 300 mM NaCl-soluble
nuclear fraction between 5 and 16 week-old R6/1 mice (Fig. 4-1B). The increased levels
of mutant huntingtin transgene product in the 300 mM NaCl-insoluble protein fraction of
16 week-old R6/1 mice indicated that the increase in total mutant huntingtin transgene
product in the forebrain of 16 week-old compared to 5 week-old R6/1 mice was mainly
due to an increase in the amount of insoluble protein in the nuclear fraction.

Three hundred mM NacCl is known to extract many soluble transcription factors
from nuclei (Sambrook et al., 2001). Since the 300 mM NaCl soluble nuclear fraction
contained the N-terminus of mutant huntingtin transgene product (Fig. 4-1) in both 5
week- and 16 week-old R6/1 mice, we decided to use this fraction to examine how the
expression of N-terminus of exon 1-encoding mutant huntingtin (N89-115Q) altered the
DNA binding activity of transcription factors in mice. We employed the Panomics
TranSignal protein/DNA array technology to survey protein/DNA interactions. This
technique is analogous to electromobility shift assay (EMSA) and allowed us to profile
the DNA binding activities of 345 transcription factors simultaneously. A mixture of 345
unique biotin-labelled double-stranded oligonucleotides (TranSignal probe mix) was
incubated with nuclear extract isolated from the forebrains of 5 week-old wild-type, 5

week-old R6/1 or 16 week-old R6/1 mice. At 5 weeks of age, transcription of the
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Figure 4-1. Mutant huntingtin was enriched in the 300 mM NaCl soluble nuclear
fraction derived from the forebrain of 5 and 16 week-old R6/1 mice. SDS-PAGE
was used to fractionate 40 pg of total protein (total), cytoplasmic protein (cytoplasmic),
300 mM NacCl soluble nuclear protein (nuclear soluble), and 300 mM NacCl insoluble
nuclear protein (nuclear insoluble). Western blot analysis was performed using Hum I
antibody. Proteins were isolated from 5 week-old wild-type (lanes 1 and 5), 5 week-old
R6/1 (lanes 2 and 6), 16 week-old wild-type (lanes 3 and 7) and 16 week-old R6/1 (lanes
4 and 8) mice. Panels A and C show the high molecular weight mutant huntingtin
protein detected with a 90 min exposure of the film. Panels B and D show lower
molecular weight Hum 1-immunoreactive bands that were detected after a 10 min
exposure of the film. The relative mobility of molecular weight markers (kDa) are
indicated on the left. The Hum 1 immunoreactive band that is exclusively expressed in
R6/1 transgenic mice is indicated by an arrow on the right side of each blot.
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PDE10A2 gene and steady-state levels of the PDE10A2 mRNA started to decrease and
the levels of the mutant huntingtin transgene product had reached detectable levels (Hebb
et al., 2004, Fig. 3-4; 3-5). By 16 weeks of age, the steady-state levels of PDE10A2
reached a new lower equilibrium level in the striatum of R6/1 mice and the mice have
significant abnormalities in coordination and motor activity (Mangiarini ef al., 1996; Li
et al., 2005). Therefore, examination of DNA binding activities of nuclear extracts
isolated from 5 and 16 week-old mice would elucidate changes that occur at the time
when transcription was first affected in these mice and at a time after HD-like symptoms
were evident in these mice following a period of expression of mutant huntingtin,
respectively. Of 345 transcription factors on the array, 167 transcription factors were
expressed in the striatum of 5 week-old wild-type (5 WT), 5 week-old R6/1 and 16 week-
old R6/1 (16 R6/1) mice (Fig. 4-2, 4-4). There were 125 transcription factors/DNA
interactions detected in both 5 week-old wild-type and R6/1 striatal nuclear extracts (Fig.
4-2). The mean optical density of the hybridization signal, minus local film background,
for each spot in two different groups (5 WT versus 5 R6/1) were scatter-plotted (Fig. 4~
2). We observed some variability in the intensity of hybridization signal related to the
interaction between protein and biotin-labelled double-stranded probes between samples
derived from 5 week-old R6/1 compared to 5 week-old wild-type mice. The ratio of the
optical density of each spot detected in the blots prepared using 5 week-old R6/1 and 5
week-old wild-type 300 mM NaCl-soluble nuclear fractions indicated that the fold
difference of 98% (120/125) of the detected transcription factors was within a two-fold

difference and the remaining 5/125 interactions were very close to the two-fold difference
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Figure 4-2. There was no difference in DNA binding activities of a large number of
transcription factors present in 300 mM NacCl soluble nuclear extract derived from
5 week-old wild-type and R6/1 mice. TranSignal protein-DNA array analysis was
performed using 5 ug of nuclear extract isolated from 5 week-old wild-type (A) and
R6/1 (B) mice. The normalized optical density of each spot was plotted using SigmaPlot.
The X axis represents the normalized optical density for each transcription factor using
nuclear extract from 5 week-old wild-type mice. The Y axis represents the normalized
optical density of the same transcription factor in the presence of nuclear extract from 5
week-old R6/1mice. Blue and red dash line indicates a 2-fold increase and 2-fold
decrease in 5 week-old R6/1 mice compared to 5 week-old wild-type mice, respectively.



121

A B

o

345 67 8 510111213 141516171818 11345

67 BN IBMISIETIBNANNL U

- !

T TS PR o T G TITICR 8 O B

C 1407 :
i
!
1207 ! .
1 . .l.
A ] 4 " .
o 100 ) [ .
Y 1 . .
S gpd 1 . » N
? y g u"
S "' -
© 60 'I.lll' = . /,,
4 l’.'l " n -
To) n - -
404 L e -
- g3 n -
" -
h " -
o s
IR Je
-

20 40 60 80 100 120 140
5 week-old wild-type



122

range; two-fold differences in relative hybridization are considered to be the inherent
level of variability of these assays (Oweis ef al., 2006).

In order to verify the results from the TranSignal protein/DNA arrays, EMSAs
were performed with selected consensus probes (Fig. 4-3). The consensus sequence for
transcription factors thyroid hormone receptor (TR) (C4 in Fig. 4-2A,B), retinoid X
receptor (RXR) (F3 in Fig. 4-2A,B) and vitamin D (1,25- dihydroxyvitamin D3) receptor
(VDR) (F4, Fig. 4-2A,B) were chosen because the DNA binding activities detected using
the TranSignal Array were very similar in 5 week-old R6/1 compared to wild-type mice
(Fig. 4-2). In the TranSignal analysis, the DNA binding activity of AP1 showed the
greatest increase in 5 week-old R6/1 compared to 5 week-old wild-type mice (slightly
greater than two-fold). It has been shown that NFkappaB could interact with full-length
mutant huntingtin in vitro using co-immunopreciptiation although it is unclear whether
the change occurred early or late in disease progression (Takano et al., 2002). The DNA
binding activity of NFkappaB did not show any significant change between nuclear
extracts isolated from 5 week-old wild-type and R6/1 mice in our assay. Spl and CREB
were not detected in the TranSignal assay using the soluble nuclear proteins from 5 week-
old wild-type and R6/1 mice but these factors have been shown to interact with mutant
huntingtin in vitro using GST pull-down (Sp1, CREB) (Stefan et al., 2000, 2001) and
yeast two hybrid analyses (Sp1) (Dunah et al.,, 2002; Li et al,, 2002). Individual EMSA
analyses confirmed the TransSignal results that there was no significant difference in the
DNA binding activities of TR, RXR, VDR, AP1, Spl, CREB and NFkappaB between the
nuclear extracts from the forebrains of 5 week-old wild-type and R6/1 mice (Fig. 4-3).

We also tested several transcription factors with different relative signal abundance and
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Figure 4-3. The DNA binding activities of the transcription factors TR, RXR, VDR,
AP1, Sp1, CREB and NFkappaB were not affected in S week-old R6/1 mice.

EMSAs were performed using radiolabelled double-stranded consensus sequences for
TR, RXR, VDR, AP1, Spl, CREB and NFkappaB and 5 pg of nuclear extracts derived
from 5 week-old wild-type and R6/1 mice. Non-radiolabelled double-stranded
consensus sequences (100X molar excess compared to radio-labelled probe) was used as
a sequence-specific competitor. Each panel shows the protein-DNA complexes. The
name of the factor that has been shown to bind to the double-stranded DNA consensus
sequence used is indicated to the right.
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found no difference in DNA binding activities between the two nuclear ffactions (data
not shown). Together, these analyses demonstrated that, in 5 week-old mice, the mutant
huntingtin transgene product expressed in the forebrain of the R6/1 mice did not appear
to alter the DNA binding activities of any of the set of transcription factors analyzed.
TranSignal protein/DNA array was also performed using 300 mM NaCl-soluble
nuclear proteins isolated from the forebrain of 16 week-old R6/1 mice. The TranSignal
results showed that the DNA binding activities of transcription factors were significantly
different between nuclear extracts from 5 week-old wild-type and 16 week-old R6/1 mice
(Fig. 4-4). DNA binding activity corresponding to a set of 73/167 transcription factors
were approximately equal in both 5 WT and 16 R6/1 protein fractions. The DNA binding
activity of 51/167 transcription factors were lower or undetected in the protein fractions
isolated from 16 week-old R6/1 compared to wild-type mice. The DNA binding activity
of 42/167 transcription factors were only detected or were higher in the nuclear fraction
isolated from 16 week-old R6/1 compared to the nuclear fraction isolated from wild-type
mice (Fig. 4-4). EMSA analyses were performed to confirm these findings. Using
individual double-stranded probes, EMSA with 16 week-old wild-type and 16 week-old
R6/1 soluble nuclear proteins revealed that there was an increase in the DNA binding
activity of TR, RXR, Sp1, NFkappaB and CREB in 16 week-old R6/1 compared to wild-
type mice. There was no difference in the DNA binding activity of VDR between
nuclear extracts isolated from16 week-old wild-type and R6/1 mice. There was a
significant decrease in the DNA binding activity of AP1 in 16 week-old R6/1 compared

to 16 week-old wild-type mice (Fig. 4-5). The trend of alterations in DNA binding



125

Figure 4-4. The DNA binding activity of transcription factors were different
between nuclear extract derived from 16 week-old R6/1 and wild-type mice,
TranSignal protein-DNA array was performed using 5 pg of nuclear extract isolated from
the forebrain of 5 week-old wild-type (A) and 16 week-old R6/1 mice (B). The OD value
of each spot detected was plotted on the X axis (from blot A) and Y axis (from blot B).
Solid circles represent the OD value of transcription factors that were highly enriched in
16 week-old R6/1 nuclear extract compared to 5 week-old wild-type nuclear extract.
Open circle represent the OD value of transcription factors that were highly enriched in 5
week-old wild-type nuclear extract compared to 16 week-old R6/1 nuclear extract. Solid
triangles represent OD for transcription factors that appeared equivalent in 5 week-old
wild-type and 16 week-old R6/1 nuclear extracts. The dash line indicates the predicted
correlation between X and Y if there is no difference in binding activity between two
groups.
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Figure 4-5. The DNA binding activity of transcription factors TR, RXR, VDR, AP1,
Spl, CREB and NFkappaB were affected in 16 week-old wild-type mice. EMSAs
were performed using radiolabelled double-stranded consensus sequences for TR, RXR,
VDR, AP1, Spl, CREB and NFkappaB and 5 pg of nuclear extracts derived from 16
week-old wild-type and R6/1 mice. Non-radiolabelled double-stranded consensus
sequences (100X molar excess compared to radiolabelled probe) was used as a sequence-
specific competitor. Each panel shows the protein-DNA complexes. The name of the
corresponding consensus sequence used is indicated on the right.
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activity of transcription factors in 16 week-old R6/1 mice compared to wild-type mice in
EMSA analyses was consistent with the TranSignal array analysis (Fig. 4-4).

The transcription factors detected in TranSignal array are listed and grouped by
functional families, including cell growth, differentiation and proliferation, basal
transcription machinery and chromatin modification, cytokine-related signal transduction,
brain function and development, lipid and>insulin metabolism, cardiac functions as well
as those involved in conditional stresses (Table 4-1).

Next, we selectively examined the protein levels of several transcription factors
that were tested in EMSA to determine whether changes in DNA binding activities in 16
week-old R6/1 mice relative to younger R6/1 mice and wild-type mice was related to
relative protein level within 300 mM NaCl soluble nuclear fractions. Western analyses
using antibodies for nerve growth factor-induced clone A (NGF-IA), VDR, CREB, and
NFkappaB indicated that the expression levels of these factors did not change in the
soluble nuclear fraction isolated from the forebrains of 5 week-old and 16 week-old R6/1
mice compared to 5 week-old wild-type mice (Fig. 4-6). The unchanged expression of
VDR Was consistent with the unchanged DNA binding activity of VDR in both 5 and 16
week-old R6/1 mice. For NGF-IA, CREB and NFkappaB, it appeared that at 5 weeks of
age, the N-terminus of mutant huntingtin in these mice (N89-115Q) did not alter either
the DNA binding activity or the levels of expression of these factors. However, long-
term expression of the N-terminus of mutant huntingtin altered the DNA binding activity,
but not the protein level, of CREB and NFkappaB. We also measured the protein levels
of Sp1 and found that Sp1 protein levels increased in total proteins of 15 week-old R6/1

mice but that there was no difference in Sp1 levels among 6- and 9-week-old wild-type
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Figure 4-6. There was no difference in the protein levels of the transcription factors
NGFI-A, VDR, CREB, and NFkappaB amongst S5 week-old wild-type, 5 week-old
R6/1 and 16 week-old R6/1 mice. Western blot analysis was performed on 20 pg of 300
mM nuclear soluble proteins isolated from 5 week-old wild-type (lane 1), 5 week-old
R6/1 (lane 2), 16 week-old R6/1 (lane 3) forebrain. The size (kDa) and identity of each
transcription factor tested are shown on the left and right side of each panel, respectively.
An example of amino black staining of one of western blots is shown.
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Figure 4-7. The level of Sp1 was higher in nuclear forebrain extract of 16 week-old
R6/1 compared to S week-old wild-type and R6/1 mice. Western blotting analysis of
Sp1 was performed with 20 ug of total proteins from the total protein lysate isolated
from the striatum of 6 (lanes 1, 2) and 15 (lanes 3, 4) week-old wild-type (lanes 1, 3) and
R6/1 (lanes 2, 4 mice) mice (A). The size (kDa) of Spl and B-tubulin are shown on the
left. The optical density of Spl immunoreactivity was normalized to the optical density
of B-tubulin immunoreactivity. A histogram of the ratio of the average optical density of
the signal for Spl and B-tubulin was shown in B. The ratio was determined for four
animals per age and genotype (N=4, mean + SEM). *P<0.05, significant difference
between wild-type and R6/1. (One-way ANOVA).
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Table 4-1. List of transcription factors detected in TranSignal protein/DNA arrays.

Abbrev' Name of transcription factors 5WT? 5R6/1 16 R6/1
Cell growth, differentiation and proliferation
AP-2 activa}ting enhancer binding 3 X X
protein 2
COUP-TF  nuclear receptor subfamily 2 X X X
CREB- cAMP response element binding
. X X X
BP1 protein
c-Rel NFkappaB p75kDa protein X X X
PPAR peroxisome proliferative activated e X
receptor
PRE progesterone receptor X X
TR thyroid hormone receptor X X X
MRE metal response factor X X X
Ikaros Ikaros protein (zinc-finger protein) X X
PARP poly(ADP-ribose) X X X
synthetase/polymerase
PPARy peroxisome proliferator activated % %
receptor-gamma
RREB (1) ras-responsive transcription X X
element
RSRFC4 ras-responsive transcription X %
element
octamer-binding site in epidermis
Skn (POU domain factor) X X X
XBP-1 x-box binding protein | X X X
AMLI acute myeloid leukemia 1; aml] X X X
oncogene
AREB6 Atpl?tl regulatory element binding X X
protein 6
CACC CACC binding protein X X X
CCAAT CCAAT binding protein X X
CSBP conse.rved sequence-binding X %
protein 1
CTCF CCCTC binding factor X X
E12 E'2A'1mmunoglobuhn enhancer X X X
' binding factors
EKLF(1) erythroid kruppel-like factor gene X X X
EKLF(2) erythroid kruppel-like factor gene X X
EIf-1 E74.-11ke factor 1,a novel Ets X %
family member
HOXD9,10 HOXD?9,10 X X
KTP1 keratinocyte transcriptional X X %

protein-1



Abbrev'
MTF
MyoG
PPUR(1)

PPUR(2)
Pur-1
PYR

RFX1,2,3,
SIF1
TREF1, 2
c-myb
binding
protein
CYP1Al

PAX1
pax2

Pax5(2)

NF-A3
NFkB(2)

RFX1/2/3
RORE
Snail

Surf-2(2)
Thy-
1binding
protein
XBP1(2)
RAR
(DR-5)
RXR
(DR-1)

Smad 3/4
Stat4

Stat5

Name of transcription factors
MRE-binding transcription factor-
1

myogenic factor G

purine-rich sequences binding
sequence

purine-rich sequences binding
sequence '
purine-binding transcription factor
pyrimidine-rich domain binding
factor

regulatory factor x
sucrase-isomaltase factor 1
transferrin receptor binding protein

c-myb binding protein

cytochrome P450-c
Pax-1DNA-binding transcription
factor

Pax-2DNA-binding transcription
factor

Pax5 DNA-binding transcription
factor

nuclear factor A3

Nuclear factor kappa

a transactivator of hepatitis B
virus enhancer

RAR-related orphan receptor
zinc-finger transcription factor
Snail

Surfeit locus protein 2

Thy binding protein

X-box binding protein 1

RAR: retinoic acid receptor

RXR: retinoid X receptor

MADH3/4: MAD, mothers against
decapentaplegic homolog3/4
signal transducer and activator of
transcription 4

signal transducer and activator of
transcription 5

5 WT?
X

LT R S S ST e e e S i T o

XX )X X X K o) XX

S R6/1
X

XX ) X o XX X X X X X

XX ) X X X ) ) XX

16 R6/1

X

>

e

S T o T T T e e
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Abbrev! Name of transcription factors 5WT? 5R6/1 16 Ré/1

TR(DR-4)  thyroid hormone receptor X X X
USF-1 upstream transcription factor X X X
VDR(DR-  vitamin D (1,25- dihydroxyvitamin

X X X
3) D3) receptor
AP-1 Fos, FosB, Fral, Fra2, Jun, JunB X X

CREBI1: cAMP responsive

CREB element binding protein 1 X
E v-ets erythroblastosis virus E26
ts . X

oncogene homolog (avian)

GRE GR:glucocorticord receptor X X X

NF-E1 -

(YY1) YY1 transcription factor X
nuclear factor (erythroid-derived

NE-E2 2), 45kDa X

Stat3 signal t.rapsducer and activator of %
transcription 3

F47 E2A immunoglobulin enhancer bind X
factors E12/E47

EVI-1 ecotropic viral integration site % % %
1(zinc finger oncogene)

FKHR forkhead box O1A human X X X
the sequences are the same as SAA

MSP1 except SP1 binding site is removed X X X

hTERT- . o .

MT-Box tentative new binding domain X X
the sequences are the same as SAA

MUSFI1 except USF binding site is X X X
removed

MZF1 myelmd.-spec':lﬁc retinoic acid- % X
responsive zinc finger factor 1

NF-Y nuclear Y box factor X X X

PARP poly(ADP-ribose) X X X
synthetase/polymerase

Pax3 paired box gene 3 X X X

Pax4 paired box gene 4 X X X

Pax6 paired box gene 6 X X X

Pax8 paired box gene 8 X

LyF-1 transs:rlptlonal factor in lymphoid % % X
cell lines

RIPE3al rat insulin promoter element 3 X X

TGF Transforming Growth Factor X

TREF1, 2 transt'“errm receptor (TR) binding % X %
protein

ACF albumin CCAAT-binding factor X

EGR1 Early growth factorl X



Abbrev' Name of transcription factors 5WT? 5R6/1 16 R6/1
LXRE] nuclear receptor subfamily 1, X
group H, member 2
Myb(2) hmyeloblastosis viral oncogene X % X
omolog
PBGD
binding porphobilinogen deaminase X
protein
Stat1/Stat3 signal t~ra1.1$ducer and activator of X
transcription 1/3
YBI1 Y-box binding protein | X X X
Basal transcription machinery
and chromatin modification
TFI1ID TBP: TATA box binding protein X X X
HiNF histone gene transcription factors X X X
TEF1(2) TFIID activator X X
E4F, ATF  EA4F transcription factor 1 X X X
CBF CAAT box binding factor X
CDP CCAAT displacement protein X
E2F-1 E2F transcription factor 1 X X X
Elkl1 member of ETS oncogene family X X X
GATA-1 GATA.bi.nding protein 1, globin % ' X
transcription factor 1
GATA-1/2 GATA.bi'nding protein 1/2, globin X X %
transcription factor
GATA-2 GATA. bipding protein 2, globin X X %
transcription factor 2
GATA-4 GATA_bipding protein 4, globin X X %
transcription factor 4
GATA-6 GATA'bi_nding protein 6, globin X X %
transcription factor 6
CACC CACC binding protein X X X
CCAAT CCAAT binding protein X X
CCAC CCAC binding protein X X X
CSBP conse.rved sequence-binding X %
protein 1
CTCF CCCTC binding factor X X
E2A immunoglobulin enhancer
EI2 binding factors E12 X X X
HMG high mobility group proteins X X X
PEBP polyoma enhancer binding protein X
PEBP2 polyoma enhancer binding protein X
CP1, CTF, CCAAT-box-binding transcription X

CBTF

factor
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Abbrev' Name of transcription factors 5WT? 5R6/1 16 R6/1
HiNF- Human H1 Histone Gene Promoter X
B/HITF1 CCAAT Box Binding Protein
MDBP(1)  methylated DNA-binding protein X
TFE3 Transcription factor E3 X
Tf-LF Transcription elongation factor X
Cytokine-related signalling transduction
GAS/ISRE  interferon activated factors X X X
Pbx1 pre-B-cell leukemia transcription % X
factor 1
IRF-1, interferon regulatory factor 1/2 X % X
IRF-2 binding element
ISRE (1) interferon-a stimulated response % X %
element
ICSBP interferon consensus sequence % X
binding protein
5' upstream activating sequences
NFIL-2 (UAS) of the human IL-2 gene X X
Fra-1/JUN  Fos-related antigen X X
NFATec nuclear factor of activated T-cells, X
cytoplasmic,
HSE heat shock transcription factor X X X
Pax-5 paired box gene 5, B-cell lineage %
specific activator protein
Beta-
response Beta-response element X X X
element
EVL1 ecotropic viral integration site 1, X % %
zinc finger oncogene
forkhead box O1A
FKHR (rhabdomyosarcoma) human X X X
Afxh myeloid/lymphoid or mixed- X X X
(Foxo4) lineage leukemia
ISRE Interferon-a stimulated response % % X
element
HIV-EP1; MHC-binding protein 1;
MBP-1() " prDILBF!I X
Brain function and development
GRE GR:glucocorticord receptor X % X
response element
OCT-1 POU domain, class 2, transcription %
factor 1
WT1 (1) Wilms tumor 1 X X X
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Abbrev' Name of transcription factors 5WT* 5R6/1 16 R6/1

GAG amyloid precursor protin (APP) X % %
regulatory element

NZF-3 neural zinc finger factor 3 X X

MyTI myelin transcription factor I X X

HFH-2 forkhead box D3 X X X

HFH-3 forkhead box I1 X X

HFH-8 forkhead box Fla (HNF-3/Fkh X X
Homolog-8)
octamer-binding site in epidermis

Skn (POU domain factor) X X X

Lipid and insulin metabolism

ADRI1 alcohol dehydrogenase regulatory X %
genelbinding element

Freac-4 forkhead box D1 X X ‘

Freac-7 forkhead box L1 X X X

Freac-2 (1) forkhead box F2 (mouse) X X

ORE osmotic response element X X

XRE xenobiotic response element X X X

Isl-1 Islet-1 X X

LF-Al liver-specific TF X X X
rat insulin promoter element

RIPE3al 3(RIPE_3)c§m .conﬁ'er either p.ositive X %
regulation in insulin-producing
cells

ISGF Interferon-Stimulated Response X X
factor

PTF1 pancreas specific transcription X %
factor ‘

FAST-1 FOXH]1: forkhead box H1 X
aryl hydrocarbon receptor/aryl

AhR/Arnt  hydrocarbon receptor nuclear X X
translocator

HNF-3 b hepatocyte nuclear factor 3 beta X X

ARP apolipoprotein Al regulatory % X
protein

SIF1 Sucrase-isomaltase factor 1 X X

HFH- Hepatocyte Nuclear Factor 3/ fork %

11B/11a head homolog 11

Cardiac functions

CdxA/NK  Caudal-type homeodomain X %

X2 protein/ cardiac-specific homo box

CEF1 ¢TnC (Slow/Cardiac Troponin C ) X X X
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Abbrev' Name of transcription factors 5WT> 5R6/1 16 R6/1

CEF2 ¢TnC (Slow/Cardiac Troponin C ) X X X
CETP- CETP ( Cholesteryl ester transfer % X X
CRE protein)

EABP4 nuclear factor, interleukin 3 % % %

regulated

HNF-3 b hepatocyte nuclear factor 3 beta X X

MEF-1 MEF-1Myocyte enhancing factorl X X X
CEA carcinoembryonic antigen gene X X X

Conditional stresses

HSE heat shock transcription factor X X X

MRE Metal response factor X X X

Anti- oo .

oxidant RE Anti-oxidant responsive element X

HIF-1 hypoxia-inducible factor 1 X X X
' Abbreviation.

*Nuclear extracts used in this analysis were isolated from the forebrains of 5 week-old
wild-type (5§ WT), S week-old R6/1 (5 R6/1) and 16 week-old R6/1 (16 R6/1) mice.

3X, protein interaction with the transcription factor recognition sequence was detected in
TranSignal protein/DNA arrays
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and R6/1 mice compared to wild-type counterparts (Fig. 4-7). There was a relative
increase in Sp1-specific DNA binding in 16 week-old R6/1 compared to wild-type mice
(Fig. 4-5). Increased Spl DNA-binding activity, therefore, correlated with increased Spl

protein levels in older R6/1 mice.

Mutant huntingtin decreased the activity of the PDE10A promoter construct in ex vivo

The N-terminal portion of mutant huntingtin in R6/1 mice (N89-115Q) did not
alter the DNA binding activity of transcription factors at the time that the rate of
transcription of several striatal genes started to decrease. We hypothesized that the N-
terminus of mutant huntingtin may have interfered with the transactivation of
transcription factors of affected promoters to decrease transcription. We chose to use a
cell culture model of HD to examine whether intracellular N-terminus mutant huntingtin
repressed transcription of the PDE10A2 promoter, whether this effect would be observed
in the absence of native chromatin structure on the promoter and how the N-terminal
fragment of mutant huntingtin exerted transcriptional repression in a gene-specific
manner.

ST14A cells that were originally derived from primary cells isolated from the
embryonic day 14 rat striatum (Cattaneo & Conti, 1998) were employed as a cell culture
model of HD to study the regulation of the PDE10A2 promoter. It is known that PDE10A
mRNA and protein are highly expressed in the rat striatum (Fujishige et al., 1999).
ST14A derivative cell lines N548wt-15Q and N548hd-128Q stably express equivalent

amounts of the N-terminal 548 amino acids of the human huntingtin protein with 15 and
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Figure 4-8. The -169/+3 region of the PDE10A2 promoter conferred sensitivity to
mutant huntingtin expressed in N548hd-128Q cells. Schematic representations of
deletion constructs of the PDE10A2 promoter are shown on the left. Numbers indicates
the region of the PDE10A2 promoter relative to the transcription start site +1 contained
in each construct (-1637+278). Deletion constructs for the PDE10A-pGL3 constructs
and the promoter-less pGL3 vector were co-transfected with phRL-TK into N548wt-15Q
(solid bars) and the N548hd-128Q cells (open bars). Firefly luciferase activity of each
construct was normalized to Renilla luciferase activity of the co-transfected control
phRL-TK. The relative luciferase activity was expressed as a mean (+SEM, N=12 for
each construct per cell line). *P<0.035, significant difference between deletion constructs
expressed in N548hd-128Q compared to N548wt-15Q cells ; ~P<0.05, significant
difference between deletion constructs and the PDE10A-P1 (-1637/+278) construct in
each cell line (Two-way ANOVA).
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128 polyglutamines, respectively (Rigamonti et al., 2000). The proteins expressed
include sequence encoded by exons 1 and 2 of the human HD gene. The 548 amino acids
portion of human huntingtin can be detected as 72 kDa and 115 kDa proteins, using the
MAB2166 antibody (data not shown).

To determine which part of the PDE10A2 promoter conferred mutant huntingtin-
mediated transcriptional repression, a series of promoter deletion constructs were created
that spanned the -1637 to +278 region of the PDE10A2 promoter (Fig. 4-8). Each of the
constructs was co-transfected with a thymidine kinase promoter-driven construct (phRL-
TK) that expresses Renilla luciferase into N548wt-15Q and N548hd-128Q cells. phRL-
TK construct served as a control plasmid for normalizing variability among transfections
and variability of expression due to differences between N548wt-15Q and N548hd-128Q
cell lines. The ratio of PDE10A2 promoter-dependent firefly luciferase relative to
control TK promoter-dependent Renilla luciferase activity (N=12) for each promoter
deletion construct was determined 48 hrs after transfection. Each promoter deletion
construct had a lower activity in N548hd-128Q cells compared to N548wt-15Q cells.
The ratio of the activity for each construct in N548hd-128Q was ~0.5-0.6 of that
observed in N548wt-15Q cells suggesting that all constructs were equally affected by the
expression of the N-terminus of mutant huntingtin. The activity of all promoter deletion
constructs was higher than the basal activity from the promoter-less vector pGL3. There
was a significant increase in PDE10A2 promoter activity when the region spanning -1335
to -438 was removed from the promoter construct. There was a significant decrease in
promoter activity when the region from -438 to -169 was deleted. This suggests that

there were repressor elements present between -1335 and -438 and activator elements



142

present between -438 and -169 bp of the PDE10A2 promoter but that this promoter was
regulated in the same way in N548wt-15Q and N548hd-128Q cells. If specific cis-
elements conferred sensitivity to mutant huntingtin, they would have to reside within the
-169 to +3 region of the PDE10A2 promoter.

Expression of the stably transfected N548hd-128Q construct lowered the activity
of all deletion constructs of the PDE10A2 promoter. We hypothesized that the decreased
promoter activity in N548hd-128Q cells may have been due to a decrease in the
interaction between the promoter DNA and transcription factors. We examined the
protein-DNA interactions with the -169/+3 region of the PDE10A2 promoter, which was
the smallest promoter that had mutant huntingtin-sensitive promoter activity. In vitro
DNase I footprinting was employed to determine if there was a difference in the
distribution of proteins on the -170/+209 region of the PDE10A2 promoter using nuclear
extracts isolated from 5 week-old wild-type and R6/1 mice or nuclear extracts isolated
from N548wt-15Q and N548hd-128Q cells (Fig. 4-9). The results showed that a number
of DNase I hypersensitive sites and several regions protected from DNase I digestion
were observed within the -170 to +70 region of the PDE10A2 promoter. However, there
was no difference in the footprinting patterns using nuclear extracts isolated from the
forebrains of 5 week-old wild-type and R6/1 mice or between nuclear extracts isolated
from N548wt-15Q and N548hd-128Q cells. Moreover, a similar DNase I footprint was
observed using nuclear extracts isolated from mice and N548 cells. The N-terminal
fragment of mutant huntingtin expressed in R6/1 mice at 5 weeks of age or the N-

terminal fragment of mutant huntingtin protein expressed in immortalized striatal cells
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Figure 4-9. In vitro DNase I footprinting revealed that there was no difference in the
distribution of proteins on the -169/+3 PDE10A2 promoter region using nuclear
extracts derived from wild-type and R6/1 mice or between nuclear extracts isolated
from N548wt-15Q and N548hd-128Q cells. Schematic representation of the PDE10A2
promoter region is shown as a black line (A). The transcription start site +1 is indicated
with an arrow. The probe used in in vitro DNase I footprinting spanned the -170/+209
of the promoter region (hatched bar). The 5’ end-labelled probe was incubated either
with 10 pg of bovine serum albumin (P), or with soluble nuclear proteins isolated from 5
week-old wild-type mice (lane 1), 5 week-old R6/1 mice (lane 2), N548wt-15Q cells
(lane 3), or N548hd-128Q cells (lane 4). The relative positions of a radiolabelled
PhiX174 DNA/Hinfl markers (Fermentas) are indicated on the left. The position of
DNase I hypersensitive sites (arrows) and the relative positions of the sequence of
transcription factor binding sites implicated by DNase I footprinting are indicated on the
right. Myeloid zinc finger protein (MZF) is predicted to bind to -135/-130, -90/-85 and
+25/+30; Myeloid-associated zinc finger protein (MAZ), -140/-135, -85/-80; Specific
protein 1 (Spl), -140/-130; Zinc finger transcription factor binding protein (ZBP89), -
140/-130; Nerve growth factor-induced protein factor C (NGF-IC), - 39/-30; Early
response gene-1 (Egr-1/NGFIA), -30/-25 and +20/425. Nuclear factor kappa B
(NFkappaB), olfactory neuron-specific factor 1 (OLF1) and B-cell specific activating
protein (PAXS), winged helix protein (WHN), -9/+20. Neuron restrictive silencing factor
(NRSF), +58/+70.
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(N548hd-128Q)) did not alter the relative amount or ability of transcription factors to bind
to the PDE10AZ2 core promoter region. Sequence analysis of this region and comparison
of the sequence and footprinting pattern allowed us to identify the recognition elements
of transcription factors that may contribute to PDE10A2 expression (Fig. 4-9).

Although the in vitro DNase I footprinting provided us with information
regarding where and what transcription factors could potentially bind to the PDE10A2
core promoter region, this technique uses excess nuclear protein in relation to the amount
of DNA in each reaction. In vitro DNase I footprinting, therefore; cannot indicate the
affinity of different transcription factors for the DNA. Gel-shift assays were performed
to examine protein-DNA interactions on the minimal PDE10A2 promoter that had
reduced activity in the presence of the N-terminus of mutant huntingtin using excess
radiolabelled DNA in comparison to protein. There were five protein-DNA complexes
formed between nuclear proteins isolated from N548wt-15Q and N548hd-128Q cells and
a radiolabelled EMSA probe spanning the -170 to +20 region of the PDE10A2 promoter
(Fig. 4-10). There were 3 major protein-DNA complexes formed between nuclear
proteins isolated from 5 week-old wild-type and R6/1 mice and the same EMSA probe.
However, no alteration in the amounts of protein-DNA complexes was observed in
nuclear proteins from 5 week-old R6/1 mice or from N548hd-128Q cells compared to
wild-type nuclear extracts. The N-terminal portion of mutant huntingtin in the nucleus of
5 week-old R6/1 mice or in the N548hd-128Q cells did not alter the protein-DNA
interactions on the core PDE10A2 promoter although this region conferred sensitivity to

mutant huntingtin-mediated transcriptional repression in vivo and ex vivo.
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Figure 4-10. EMSA analysis of the -170/+20 region of the PDE10A2 promoter did
not reveal differences in the binding of protein complexes to DNA between extracts
isolated from N548wt-15Q and N548hd-128Q cells or between extracts isolated from
5 week-old wild-type and R6/1 mice. A schematic view of the PDE10A2 promoter
region (black line) and the EMSA probe spanning the -170/+20 region of the promoter
(hatched bar) is shown in A. The nuclear extract, probe and competitor components for
each reaction are indicated above the autoradiogram in B. Competitors were unlabelled
EMSA probes (100 X molar excess compared to radiolabelled probe), non-specific
probes were unlabelled double-stranded DNA containing a CREB consensus
sequence(100X molar excess compared to radiolabelled probe). The arrows indicate the
three abundant protein/DNA complexes.
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Althdugh the N-terminus of mutant huntingtin expressed in N548wt-128Q cells
decreased the activity of all PDE10A2 promoter constructs, it was possible that the
difference in PDE10A2 promoter activity was due to differences between the two cell
lines that had been induced by the long-term expression of the N-terminal portion of the
mutant huntingtin protein. Therefore, we examined the activity of the PDE10A2
promoter in the presence of transiently expressed N-terminus of mutant huntingtin in
ST14A parental cells. Plasmids that expressed exon 1 of the human huntingtin gene with
either 22Q (N89-22Q) or 115Q (N89-115Q) were co-transfected with different promoter
PDE10A-pGL3 constructs (Fig. 4-11A) or with GAD65-pGL3 (Fig. 4-11B). Acute
expression of N89-115Q decreased the activity of the full-length PDE10A2 promoter
construct (P1, -1637/+278) and the most active PDE10A2 promoter construct (P6, -
428/+278) (Fig. 4-11A), whereas it did not decrease the activity of the GAD65 promoter
construct (-509/+552) relative to the activity observed in the presence of N89-22Q (Fig.
4-11B). Relative to control vector, acutely expressed N89-22Q) and N89-115Q decreased
the activity of the PDE10A2 (P6, P1) promoter by 40% and the GAD promoter construct
by 20%, which demonstrated that the N-terminus of human huntingtin, regardless of
polyQ length, had a repressive effect on transcription and that N89-115Q had an
additional repressive effect on the PDE10A2 but not the GAD65 promoter.

In contrast to the results observed in ST14A cells, the acute expression of N89-
115Q in human embryonic kidney cell line (HEK293) did not decrease the activity of the
PDE10A2 promoter construct (P6, -428/+278) compared to the activity of the promoter
observed in these cells in the presence of N89-22Q (Fig. 4-11C). Moreover, N§9-115Q

and N89-22Q) did not decrease the activity of the PDE10A2 (P6) compared to the control
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Figure 4-11. Transiently expressed N89-115Q decreased the activity of the -
438/+278 region of the PDE10A2 promoter in a cell- and promeoter- specific manner.
PDE10A deletion constructs PDE10A-P1 (-1637/+278) (P1) and PDE10A-P6 (-
438/+278) (P6) were co-transfected with phRL-TK, pCMYV vector (vector), or with
plasmid expressing exon 1 of human huntingtin with 22 CAG repeats (N89-23Q) or 115
CAG repeats (N89-115Q) into ST14A cells (A) and HEK293 cells (C). A GAD65
promoter construct was co-transfected with phRL-TK and pCMV vector, or N89-23Q or
N89-115Q in ST14A cells. The ratio of the firefly/Renilla luciferase activity was
expressed as mean (+SEM, N=12). *P<0.05, significant difference in promoter activity
between vector and N89-22Q or N89-115Q. [P<0.05, significant difference in promoter
activity between N89-22Q and N89-115Q. (One-way ANOVA).
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vector, suggesting that both repression of transcription via the N-terminus of huntingtin

and the additive polyQ-specific repression were mediated by cell-specific factors.

Examination of ex vivo protein-DNA interactions

We decided to examine how the transient expression of the N-terminus of mutant
huntingtin altered the protein-DNA interaction in cultured cells. TransReporter
Protein/DNA arrays (Panomics) were employed to simultaneously determine the activity
of 24 transcription factors in response to transient expression of the N-terminus of mutant
huntingtin. The TransReporter Plasmid mix was co-transfected with a control vector or
with the comparable plasmid expressing exon 1 of human huntingtin with 22 CAG
repeats (N89-22Q) or 115 CAG repeats (N89-115Q) into ST14A cells for 48 hrs. RNA
was then isolated and reverse transcribed to synthesize biotinylated cDNA probes. The
biotinylated cDNA probes were allowed to hybridize with the TransReporter blot. Since
the plasmid mix contained 24 different reporter vectors, each of which contained several
copies of a specific cis-acting element, a promoter and a unique tag sequence, the amount
of cDNA probes that can hybridize to the membrane reflected the efficiency of
transcription, which was dependent on the interaction between cis-elements and
endogenous transcription factors in ST14A cells. A list of transcription factors surveyed
using the TransReporter array membrane is shown in Table 4-2. Transcription factors
detected on the membrane are shown in Fig. 4-12. Out of 24 transcription factors on the
membrane, only nine factors were active in ST14A cells.

The optical density for each detected transcription factor was normalized by

subtracting the optical density of the background for each array. The relative
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N89-22Q N89-115Q Ratio

RXR 1:1
PPARg 4:1
RARE(DRS5) 3:1
STAT4 3:1
STAT3 1:1
TA-Luc 10:1
VDR(DR3) 11:1
V-MAF 7:1
Tax/CREB 3:1

Figure 4-12. TransReporter protein/DNA array showed that transiently expressed
mutant huntingtin N89-115Q decreased the activity of transcription factors PPARg,
RAR, STAT4, TA-luc, VDR (DR-3), V-MAF, Tax/CREB in ST14A cells.
TransReporter protein/DNA array was performed by co-transfecting the TransReporter
plasmid mix and plasmid expressing N89-22Q or N89-115Q into ST14A cells. The level
of signal reflects the relative amount of RNA synthesized from constructs that contain the
consensus DNA binding sites for the transcription factors indicated. The optical density
of detected spots was normalized to the optical density of background and the ratio of
normalized values of 22Q to 115Q is listed on the right of each panel.
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hybridization of RXR and STAT3 tags did not appear to differ between the two
conditions. The ratio of the relative activity of each promoter under the regulation of
different cis-elements in the presence of N89-’22Q and N115Q was obtained by dividing
the normalized optical density to the normalized optical density for RXR. Seven specific
tag sequences had lower levels of hybridization signal in the presence.of N89-115Q (Fig.
4-12). Decreased hybridization of these tag sequences on the array indicated decreased
transcriptions from the promoters that have specific cis-elements for corresponding
transcription factors in ST14A cells. It appeared that reduced levels of detected sequence
tags in the presence of N89-115Q in ST14A cells were not equally proportional,
indicating that the expression of N89-115Q differentially affected the amount of mRNA
derived from different transcription binding to their cis-elements in ST14A cells.
Different levels of tag sequences for different ranscriptjon factors binding to their cis-
elements were detected, which showed high (VDR), medium (STAT4) and low
(Tax/CREB). However, they all appeared to be lower in the presence of N89-1 15Q
suggesting a universal repression. Based on previous evidence that the N89-115Q form
of mutant huntingtin in the forebrain nuclear extract in R6/1 mice did not alter the DNA
binding or the expression levels of these factors, it is likely that the transiently expressed
N89-115Q affected functional interaction between specific transcription factors and the
RNA pol II enzyme without altering DNA binding.

We performed EMSA analysis to examine the protein-DNA interaction of the
transcription factors that were altered by the N-terminus of mutant huntingtin N89-115Q
in TransReporter assays. The DNA-binding activities of transcription factors RAR,

RXR, STAT4 and VDR were determined using nuclear extracts isolated from ST14A cell
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N548wt N548hd

Probe + + + + +

Nuclear protein + + + +
100 x unlabeled probe + +
RXR
RAR
STAT4
VDR

Figure 4-13. EMSA analyses demonstrated that there was no difference in DNA
binding activity of transcription factors RAR, RXR, STAT4 and VDR in the nucleus
of N548wt-22Q and N548hd-128Q cells. EMSA analyses were performed with a
radiollabeled consensus probe and 5 pg of cell nuclear extracts. Protein-DNA complexes
were separated from free probes on a 4% native polyacrylamide gel. Competitor DNAs
were non-radiolabelled double-stranded consensus sequences (100X molar excess
compared to radiolabelled probe). The name of detected protein-DNA complexes is
indicated on the right.
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derivatives, N548wt-15Q and N548hd-115Q (Fig. 4-13). Indeed, the levels of protein-
DNA complexes were similar between nuclear extracts from N548wt-15Q and N548hd-
128Q cells. This suggests that the stably expressed N-terminus of mutant huntingtin did
not alter the DNA binding activity of these transcription factors although their |

transcriptional activities were decreased by the transiently expressed mutant huntingtin

N89-115Q.

4.3 Discussion

Mutant huntingtin protein has been shown to interact with several ubiquitous
polyglutamine-containing transcription factors, such as CBP, Sp1, TBP, TAFII130, p53
and N-CoR via insoluble or soluble complexes in the nucleus, which has been assumed to
compromise their normal function (Boutell et al., 1999; McCampbell et al., 2000;
Shimohata ef al., 2000; Steffan et al., 2000; Nucifora et al., 2001; Dunah et al., 2002; Li
et al., 2002; van Roon-Mom et al., 2002). Using similar methods, it has also been
demonstrated that mutant huntingtin is capable of interacting with other proteins that are
not transcription factors (Harjes & Wanker, 2003). The effect of mutant huntingtin on
DNA binding activities of transcription factors and whether such alteration can ultimately
affect transcription remain largely unknown. We did not detect any difference in the
DNA binding of a screen of 345 transcription factors using nﬁclear extracts isolated from
forebrains of 5 week-old wild-type and R6/1 mice. The N-terminal product of human
huntingtin with an expanded polyglutamine repeat (N89-115Q) started to decrease the
steady-state levels of the PDE10A2 mRNA in 5 week-old R6/1 mice (Fig. 3-5). At 16

weeks of age, when PDE10A2 transcripts reached a new lower equilibrium level in the
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striatum of R6/1 mice (Fig. 3-3), there were significant alterations in the DNA binding
activities of some transcription factors detected in TranSignal. In parallel to TranSignal,
we did not detect any change in the amount of tfanscription factors following expression
0f N89-115Q in 5 week-old R6/1 mice but there were some changes in 16 week-old R6/1
mice. Using a functional reporter system, we found that the transiently expressed N§9-
115Q decreased the transactivation, but not the DNA binding activities, of several
transcription factors. Moreover, the transiently expressed N89-115Q decreased the
activity of the core PDE10A2 promoter region (-170/+70) but did not affect the

distribution or the DNA binding of transcription factors on this region.

The N-terminus of mutant huntingtin likely exerts a direct effect on transcription at 5
weeks not 16 weeks in R6/1 mice.

Microarray studies have documented many changes in gene expression in
different models and some changes are observed in all models. It is not known which
changes in gene expression are a direct effect of the presence of mutant huntingtin,
compensatory effects to mutant huntingtin-induced changes, or which changes that reflect
the processes of cell dysfunction (Luthi-Carter ef al., 2000; 2002a, 2002b; Chan et al.,
2002; Desplats et al., 2006; Hodges et al., 2006). Common findings of these microarray
data on différent animal models of HD and among HD patients are decreased expression
of neuropeptides such as enkephalin and proteins involved in signal transduction such as
G-protein coupled receptors (CB1), phosphoproteins (DARPP-32) and
phosphodiesterases (PDE10A). Decreased steady-state levels of the striatal-specific

mRNAs such as PDE10A2 (this study), CB1 (McCaw et al., 2004), DARPP32 (Gomez et
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al., 2006), and enkephalin (Gomez and Denovan-Wright, unpublished data) at 5-6 weeks
of age in the striatum of R6/1 mice indicates that these changes are likely to be one of the
earliest steps for mutant huntingtin-mediated neuronal dysfunction. Our data suggest that
the direct effect of the N-terminal fragment of mutant huntingtin on the transcription of
" these genes in 5 week-old R6/1 mice does not include the modulation of the DNA
binding activity of transcription factors that could potentially bind to the promoters of
these HD-affected genes. Although changes in the DNA binding activity of transcription
factors occurred in the forebrain of 16 week-old R6/1 mice, these changes are likely to be
an indirect effect that results from early or protracted expression of mutant huntingtin
transgene product. The altered striatal mRNAs found in brain samples from human
subjects with HD corroborate the array findings from HD mouse models, further
supporting the notion that altered gene expression specifically in the caudate
putamen/striatum is essential to the pathologic deficits and neurodegeneration processes
in HD (Desplats et al., 2006). This study also concluded that genes that are highly
expressed in the striatum are preferentially affected by mutant huntingtin. In fact, of the
54 genes surveyed, over half occurred in fully symptomatic 6 month-old R6/1 mice and
only 16 of 54 were decreased in 10 week-old R6/1 mice. Of the 16 changes many were
transcription factors. The authors argued that these transcription factors may be causal
to HD. However, their own analysis showed that the regulation of these factors was
altered by mutant huntingtin showing that the changes in these transcription factors are a
consequence of altered transcription and not the primary cause of altered transcription.
We observed that there was an increased level of mutant huntingtin transgene

product in the insoluble nuclear fraction in 16 week-old R6/1 compared to 5 week-old
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R6/1 whereas there were similar levels of mutant huntingtin N89-115Q in the soluble
nuclear fractions in both 5 and 16 week-old R6/1 mice (Fig. 4-1C). This suggests that the
soluble N-terminus mutant huntingtin reached a maximal level of expression at 5 weeks
of age and remains constant from 5 to 16 weeks. We determined that there was a
exponential decay of the levels of the PDE10A mRNA in increasing ages of R6/1 mice
(Fig 3-3) and that levels of transcripts did not reduce to zero but reached a new lower
equilibrium level starting at 8-10 weeks until 30 weeks in the striatum of R6/1 mice. This
implies that the constant level of soluble N-terminus mutant huntingtin from 5 to 16
weeks leads to a sustained but lower level of transcription of those genes.

The observations that a similar level of the DNA binding activities of
transcription factors detected in nuclear extract from 5 week-old wild-type and R6/1 mice
indicates that these factors are important in regulating cell growth, differentiation and
proliferation. Factors that play a role in cytokine-related signaling transduction, brain
development and lipid and insulin metabolism are also listed (Table 4-1). However, it is
important to know that factors listed in one functional category may not be exclusive to
other functions because they may simultaneously regulate transcription of genes involved
in multiple cellular pathways. The DNA binding activity of the nuclear hormone receptor
family was all detected in 5 week-old wild-type, 5 week-old R6/1 and 16 week-old R6/1,
including peroxisome proliferators activated receptor (PPAR), thyroid hormone receptors
(TR), vitamin D receptors (VDR), retinoid acid receptors (RAR) and retinoid X receptors
(RXR). In addition, the transactivation activity of VDR, RAR and RXR was also
detected in ST14A cells expressing the same transgene product N89-22Q or N89-115Q in

TransReporter assays (Fig. 4-10 and Table 4-2). These observations suggest that the
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nuclear hormone receptor family is expressed at a significant level in the forebrains of 5
week-old mice and in the ST14A cells that can be detected in TranSignal and
TransReporter assays, respectively. It appeared that their transactivation, but not the
DNA binding activity, are directly associated with the N-terminus mutant huntingtin-
mediated transcriptional repression.

Functionally, retinoid signaling initiated RAR/RXR and PPAR/RAR dimer
formation has been implicated as a necessary step for expressing genes for the
development of the nervous system in the embryonic or early postnatal brains as well as
in the adult brains (Lane & Bailey, 2005). Retinoid acid is synthesized in mesostriatal
and mesolimic dopaminergic neurons and can regulate the expression of dopamine D2
receptors, one of striatal genes that are affected in HD (Samad et al.,1997; Thomas,
2006), thus retinoid related transcriptional regulation is likely to be affected by mutant
huntingtin. Retinoid signaling pathways have also been implicated in the
pathophysiology of Alzheimer’s disease (Goodman & Pardee, 2003) and schizophrenia
(Goodman, 1998). Nuclear co-repressor (N-CoR) is part of a complex that represses
transcription in combination with the thyroid hormone receptor, RAR and other orphan
nuclear receptors. The yeast two-hybrid system has identified the protein-protein
interaction between mutant huntingtin and N-CoR (Boutell ez al., 1999) and expression of
mutant 103Q protein in PC12 cells appears to enhance the ability of N-CoR to repress
transcription (Yohrling ef al., 2003). Therefore, the expression of N-terminus mutant
huntingtin protein N§9-115Q may perturb the function or the homeostasis of nuclear

hormone receptor-mediated transcription in the HD brains.
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The protein-DNA interactions in vitro does not support the previously proposed
sequestration model

The DNA binding activities of 42 transcription factors were detected in 16 week-
old R6/1, but not 5 week-old R6/1 or wild-type mice (Fig. 4-4). This group of factors
showed increased DNA binding activities in 16 week-old R6/1 compared to wild-type
mice in individual EMSA analyses (Fig. 4-5). Increased Spl DNA binding activity and
levels of protein expression have been demonstrated in nuclear proteins isolated from 12
week-old R6/2 mice compared to wild-type mice (Chen-Plotkin ez al., 2006). In
combination with our data, the increased DNA binding activity of Sp1 at late stage of HD
is likely a compensatory effect but not a direct effect as a result of long-term expression
of the N-terminus of mutant huntingtin N89-115Q in R6/1 mice. Similarly, Obrietan and
Hoyt (2004) found that there is an increased phosphorylation of CREB at Ser-133, which
leads to the increased CREB DNA binding activity when they cross-bred a HD transgenic
mouse model (R6/2) with a transgenic mouse that expresses a CRE-regulated gene. This
study supports our data that there was a robust increase in the DNA binding activity of
transcription factor CREB at 16 week but not 5 week-old R6/1 mice in the TranSignal
and EMSA analyses. Increased DNA binding for CREB was only seen in late stage of
HD, and increased binding is likely a long-term effect not an immediate effect of mutant
huntingtin.

There have been other studies reporting that mutant huntingtin is capable of
interacting with Sp1 and sequestering it away from the promoter thus compromising
transcription (Dunah et al., 2002; Li et al,, 2002; Yu et al., 2002). Nucifora et al. (2000)

reported that sequestration of CBP into NIIs by mutant huntingtin interrupts CREB-
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mediated transcription. Mutant huntingtin is able to interact with CBP in vitro using GST
pull-down and in cell culture (Stephan et al., 2000). These studies imply that mutant
huntingtin is likely to decrease the DNA binding activity of CREB as a result of mutant
huntingtin sequestering CREB-binding protein, CBP. Takano et al. (2000) demonstrated
that huntingtin protein in Drosophila interacts with NFkappaB in HeLa cell nuclear
extract using co-immunoprecipitation assays. If mu’;ant huntingtin sequestered Spl,
CREB and NFkappB in vivo as implied in these studies and if it was true in vivo at time
when transcription was perturbed, we would have seen a reduced DNA binding activity
of Spl, CREB and NFkappaB in nuclear extract isolated from 5 week-old R6/1 mice
compared to wild-type mice. However, we did not see any reduction in the levels of the
protein-DNA complexes in nuclear extract containing the N-terminus of mutant
huntingtin in mice nor did we see a reduced migration of the protein-DNA complexes in
EMSA. In addition, in Western blot analysis, we did not see any alteration of the levels
of these transcription factors in nuclear extract that contained physiologically relevant
amounts of mutant huntingtin. Since these studies used in vitro binding techniques GST
pull-down to examine the interaction between overexpressed factors and employed an
overexpression system, where there may be sufficient protein interactions between
otherwise weakly associating factors in vivo, therefore such a highly artificial system may
not recapitulate the in vivo situation. Combining the EMSA and Western blot analysis,
the N-terminus of mutant huntingtin at the physiological concentration did not appear to
sequester transcription factors away from the promoter nor to alter the levels of
transcription factors at the time when transcription was reduced. We conclude that the

affected transcription by mutant huntingtin in 5 weeek-old R6/1 mice is unlikely due to
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mutant huntingtin-mediated sequestration of transcription factors from the affected
promoter in these mice.

Many genes contain Spl consensus sites on their promoters, including those that
are not affected by mutant huntingtin, such as B-actin (Gustafson & Kedes, 1989).
Therefore, Sp! alone can not explain the specific transcriptional dysregulation exerted by
mutant huntingtin. Dunah et al. (2002) determined that introduction of Sp1 alone into
cells expressing the N-terminus of mutant huntingtin can not rescue the decreased D2
promoter activity and that only Sp1 in combination with TAFII130, one of the
components in the basal transcription machinery, can reverse the repression. This
suggests that mutant huntingtin is likely to affect the activity of both TAFII130 and Spl
and cause transcriptional repression. Recently, Cornett et al. (2006) determined that
different sizes of N-terminal fragments of mutant huntingtin adopt different misfolded
structures in the nucleus leading to different affinities for Sp1 and that inhibition of Spl
activity is mutant huntingtin-context dependent. This study suggests a possibility that
different sizes of mutant huntingtin binding to Spl with different affinities allows mutant
huntingtin specifically and selectively to decrease transcription from different promoters.
Therefore, these studies all suggest that Spl alone can not explain how mutant huntingtin

gives a specific transcriptional repression on certain genes not others.

The N-terminus of mutant huntingtin affects the transactivation not the DNA binding of
transcription factors in ex vivo.
Transiently expressed mutant huntingtin N89-115Q decreased the activity of the

full-length (P1) and the strongest (P6) PDE10A2 promoter construct in ST14A cells but
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not in HEK293 cells. This observation suggests that the transiently expressed mutant
huntingtin N89-115Q was able to ‘exert transcriptional repression in a system that is free
of interneuronal signaling and chromatin structure but that cell specific factors contribute
to control of expression of mutant huntingtin-affected genes. It is possible that N89-
115Q in combination with striatal- or brain-specific factor exerts transcriptional
repression on the PDE10A promoter, or factors in HEK293 cells protect the
transcriptional machinery from N89-115Q-mediated repression. Thus, the N-terminal
exon 1-encoding part of mutant huntingtin has a cellular context-dependent effect. The

| transiently expressed N89-115Q altered the activity of the PDE10A2 promoter but not the
GADG5 promoter, suggesting that both PDE10A2 and GAD65 promoter constructs are
active in ST14A cells and that this immortalized striatal cell line contains the necessary
transcription factors to drive the expression of each construct. GADG65, the enzyme for
synthesizing GABA in the CNS, has been shown to co-localize with enkephalin in
medium spiny projection neurons in the striatum of mice brains (Menalled et al., 2000).
The GAD65 mRNA is not altered in the striatum of two mouse models of HD, transgenic
animals expressing exon 1 of the human huntingtin gene with 144Q and knock-in mice
containing a chimeric mouse/human exon 1 with 71Q or 94Q (Menalled et al.,, 2000). It
appears that mutant huntingtin N89-115Q exerts a gene-specific transcriptional
repression as observed in animal models of HD. It is hypothesized that unaffected genes
may adopt a condensed chromatin structure thus preventing the accessibility of mutant
huntingtin to affect the transcription (Emerson, 2002; Sadri-Vakili & Cha, 2006). Since
the transiently expressed N89-115Q did not decrease the promoter activity even on a

naked plasmid DNA that is free of chromatin structure, which recapitulates the in vivo
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situation, it is unlikely that a condense chromatin structure of the GAD65 gene prevents
the accessibility of mutant huntingtin in vivo. It is possible that factors in striatal cells
directly block the mutant huntingtin effect on the GAD65 promoter.

The levels of the tag sequences produced from reporter constructs following the
binding of active RAR and VDR to their cis-elements were lower but not absent in cells
expressing N89-22Q compared to cells expressing N89-115Q. This observation suggests
that the transiently expressed mutant huntingtin N89-115Q likely modulates the
transactivation of these factors without totally blocking their communications with RNA
pol IT holoenzyme, causing a reduced but not silenced transcription. Consistently, the
reduced steady-state levels of the PDE10A2, CB1, DARPP32 and preproenkephalin
mRNAs do not continue to decline and finally reach a level of mRNA that is
undetectable, but maintain at a new lower equilibrium level after 8-9 weeks in R6/1 mice
(this étudy, McCaw et al., 2004; Gomez et al., 2006; Gomez and Denovan-Wright,
unpublished data). This suggests that the maximal effect of the N-terminus mutant
huntingtin is reached by 8 weeks in R6/1 and the transcription is not blocked but
suppressed. The N-terminus of mutant huntingtin N89-115Q did not appear to alter DNA
binding activities of transcription factors at the time when transcription was first
perturbed in R6/1 mice. Transactivation of some, but not all transcription factors, was
affected in ST14A cells expressing N89-115Q. It remains to be determined how mutant
huntingtin affects the transactivation of transcription factors to decrease transcription
initiation and what transcriptional complexes that mutant huﬁtingtin is likely to associate

with to exert repression.
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CHAPTER 5

The N-Terminus of Mutant Huntingtin Affected Transcription in Vitro
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5.1 Introduction

Based on the work presented in chapters 3 and 4, we hypothesized that soluble N-
terminus mutant huntingtin exerts transcriptional repression on the PDE10A2 promoter
by interacting with specific factors in the basal transcription machinery or by interfering
with communication between activators and the core transcription complexes. To test
these hypotheses, we employed an in vitro transcription system and purified, soluble N-
terminus huntingtin protein with different polyQ length. The in vitro transcription system
utilized HeLa nuclear extracts, which contain a variety of transcription activators, DNA
binding proteins and other enzymatic machinery for accurate transcription initiation by
RNA polymerase II. Transcription using this system exhibits basal and regulated RNA
polymerase-mediated transcription in vitro (Dignam et al., 1983; Sawadogo & Roeder,
1985). For our purposes, this simple system has several advantages over cell culture or in
vivo systems. We can examine protein-protein interactions on the functional promoter,
easily manipulate the defined system by adding components and we can specifically
study transcription initiation events. Our goal was to determine whether the N-terminus
of mutant huntingtin affected transcription factor binding and/or the assembly of the
transcription pre-initiation complexes on the PDE10A2 and GAD65 promoters.

Information obtained from this functional in vitro system will allow us to
formulate testable hypotheses, which then can be tested both ex vivo and in vitro. For
example, Zhai et al. (2005) showed that the N-terminal 540 amino acids of mutant
huntingtin disrupts the formation of functional TFIIF complexes by interacting with one
of the TFIIF subunits RAP30 and that transcription of the dopamine D2 receptor gene

was decreased when mutant huntingtin was present. It appeared that the fragment
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containing 40-60 amino acids of RAP30 subunit interacted with mutant huntingtin. We
wanted to test if the 40-60 aa of RAP30 could function as a dominant-negative molecule
in a cell culture model of HD to block mutant huntingtin-mediated decrease in promoter
activity. Slepko et al. (2006) demonstrated that non-pathological length polyQ enhances
the aggregation of a pathologic length polyQ47 peptide in vitro in a concentration and
polyQ length-dependent manner. We hypothesized that if a normal length polyQ peptide
enhanced aggregation of pathologic length polyQ in vitro, we would see an alleviation of
the repressive effect of soluble recombinant N171-87Q protein on in vitro transcription of
the PDE10A2 promoter. These two proof-of-principle experiments would provide us
approaches to test the functions of potential mutant huntingtin binding partners in a

functional system.

5.2 Results
Soluble N171-87Q reduced transcription of the PDE10A2 and GADG65 genes in vitro.

We produced and purified histidine-tagged recombinant protein composed of the
N-terminal 171 amino acids of human huntingtin with either 23 polyglutamines (N171-
23Q) or 87 polyglutamines (N171-87Q) (Li et al., 2002). In vitro transcription reactions
were performed using a PCR fragment spanning -392/+278 region of the PDE10A2
promoter as the template and increasing amounts of recombinant N171-23Q or N171-
87Q protein. Transcripts corresponding to five transcription start sites were detected in
each reaction demonstrating that this template was transcriptionally active in vitro (Fig.
5-1). The positions of these start sites were -272 (1), -74 (2), -55 (3), +46 (4) and +60 (5)

relative to the most 5’ transcription start site (+1, site A) identified in the striatum of
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wild-type mice (Chapter 3, Fig. 3-8). The location of the transcription start sites used in
vitro did not match exactly with the three major start sites (+1, +30, +40) identified in
vivo. The start site at +46 (4) was in close proximity to start site C (+40) used in striatal
cells. It appeared that the levels of the 352 and 333 nt transcripts were lower than the
levels of the 550, 232 and 218 nt transcripts. The start sites that produced 550, 232 and
218 nt transcripts were used more frequently to initiate transcription within the -392/+278
region of the PDE10A2 promoter in vitro. Increasing concentrations of recombinant
mutant huntingtin protein N171-87Q proportionately decreased the levels of transcripts
derived from each start site and it appeared that the levels of each of the different sizes of
transcript were equally affected by the presence of N171-87Q. The amount of 550 nt
transcript was significantly decreased in the presence of 1.5 pmol of N171-87Q to ~20%
of levels observed in the presence of N171-23Q huntingtin and in the absence of
recombinant protein (Fig. 5-1C). The presence of the extended polyglutamine tract
within N171-87Q protein, therefore, directly reduced transcription in vitro.

In vitro transcription was also performed using a PCR fragment spanning the -
508/+600 region of the GAD65 promoter and increasing amounts of recombinant N171-
23Q or N171-87Q protein. Six different sizes of transcripts were detected that
corresponded to six transcription start sites. These start sites were located at -202 (1), +98
(2), +164 (3), +204 (4), +232 (5), +273 (6) relative to the most 5’ transcription start site
(+1) identified by Makinae et al. (2000) in the mouse GAD65 gene (Fig. 5-2). Seven
start sites were identified in vivo (Makinae et al., 2000) and four of these corresponded to

sites (3, 4, 5 and 6) used in vitro. Levels of the 802, 436 and 327 nt transcripts were
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Figure 5-1. The N-terminus of mutant huntingtin (N171-87Q) decreased
transcription of the PDE10A2 -392/+278 promoter region in vitro. Schematic
representation of the PDE10A2 promoter is shown as a black line (A). The transcription
start site (+1) (site A) identified in wild-type mice is indicated with an rightward-pointing
arrow. The DNA template used in in vitro transcription spanned -392/+278 of the
PDE10A?2 gene (hatched bar). /n vitro transcription reactions were performed with the
DNA template in the presence of HeLa nuclear extract and increasing amounts of
recombinant N171-23Q and N171-87Q proteins (pmol). The RNA products were
fractioned on denaturing 4% PAGE gels. A representative experiment is shown in B.
The relative positions of radiolabelled and denatured PhiX 174 DNA/Hinfl markers
(Fermentas) are indicated on the left. The sizes of synthesized transcripts are indicated
on the right (nt). The numbers in the brackets correspond to transcription start sites
indicated as downward-pointing arrows in A. A histogram of normalized OD values for
the 550 nt transcript is shown in C (N=3, =SEM). *P<0.05, significant difference
between the levels of transcripts detected in the presence of recombinant proteins and the
level of transcript detected in the presence of HeLa alone. (Two-way ANOVA).
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Figure 5-2. N171-87Q decreased transcription of the GADG6S -508/+600 promoter in
vitro. Schematic representation of the GADG65 promoter is shown as a black line (A).
The most 5 transcription start site (+1) identified by Makinae et al. (2000) is indicated
with a rightward-pointing arrow. The DNA template used in in vitro transcription
reactons spanned -508/+600 of the mouse GAD65 gene (hatched bar). In vitro
transcription reactions were performed with the DNA template in the presence of HeLa
nuclear extract and increasing amounts of recombinant N171-23Q and N171-87Q
proteins (pmol). The RNA products were fractioned on a denaturing 4% PAGE gel
shown in B. The relative positions of a radiolabelled and denatured PhiX174 DNA/Hinfl
markers (Fermentas) are indicated on the left. The sizes of synthesized transcripts are
indicated on the right (nt). The numbers in the brackets correspond to transcription start
sites indicated as downward-pointing arrows in A. A histogram of normalized optical
density values for the 436 nt transcript is shown in C (N=3, =SEM). *P<0.05,
significant difference between the levels of transcripts detected in the presence of
recombinant proteins and the level of transcript detected in the presence of HeLa alone.
(Two-way ANOVA).
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sites 1, 3, and 6 of the mouse GAD65 promoter were utilized more frequently than start
sites 2, 4, and 5 in vitro (Fig. 5-2). Levels of each transcript remained constant in the
presence of 0.1, 0.5 and 1.0 pmol of either N171-23Q or N171-87Q compared to the
levels of transcripts detected in HeLa nuclear extract alone. However, in the presence of
1.5 pmol of N171-87Q), levels of transcripts decreased to ~40% of the levels detected in
reactions containing HeLa alone or HeLa and 0.1, 0.5 or 1.0 pmol of N-terminal human
huntingtin (Fig. 5-2C). It appeared that the presence of 1.5 pmol of N171-87Q affected
the activity of both the PDE10A2 and GAD65 promoters and that the PDE10A2
promoter may have been more sensitive than the GAD65 promoter to the amount of
recombinant N171-87Q present in the reactions.

In vivo, levels of GAD65 mRNA are not altered in the striatum of a HD
transgenic model expressing exon 1 of the human huntingtin gene with 144Q and a
knock-in HD model containing a chimeric mouse/human exon 1 with 71Q or 94Q
(Menalled et al., 2000). Transient expression of N89-115Q in ST14A cells did not affect
GADG65 promoter activity (Chapter 4, Fig. 4-11). We hypothesized that brain-specific
factors in ST14A cells and in the mouse striatum may provide a protective effect on the
GADG6S5 promoter in vivo and ex vivo. In vitro transcription was performed in the
presence of 1.5 pmol of N171-87Q supplemented with 15 pg of nuclear factors isolated
from the forebrains of 5 week-old wild-type mice. It appeared that levels of 232 nt and
218 nt transcripts from the PDE10A2 promoter were reduced in the presence of forebrain
nuclear extract compared to the levels observed in reactions containing HeLa extract or
HeLa extract and 1.5 pmol of N171-23Q (Fig. 5-3A). Forebrain nuclear extract,

however, did not further reduce levels of each transcript in reactions containing Hel.a



175

A

Hela extract + + + + + +
N171-23Q
N171-87Q + +
Nuclear extract ) ) + +
232
218
B
<+— 529
437 —
<— 436
417 —
<+— 396
<— 368
<— 327
311 —

Figure 5-3. Addition of forebrain nuclear extract decreased transcription from the
PDE10A2 and GADG65 promoters in vitro. In vitro transcription of the PDE10A2 (A)
and the GADG6S (B) promoters in the presence or absence of 15 g of forebrain nuclear
extract isolated from 5 week-old wild-type mice and 1.5 pmol of N171-23Q or N171-
87Q as indicated. The RNA products were fractioned on denaturing 4% PAGE gels.
The relative positions of a radiolabelled and denatured PhiX174 DNA/Hinfl markers
(Fermentas) are indicated on the left. The sizes of synthesized transcripts are indicated
on the right (nt).
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extract and 1.5 pmol of N171-87Q. Forebrain nuclear extract decreased the basal
transcription supported by HeLa nuclear extract but did not alter the N171-87Q-mediated
repressive effect on the PDE10A2 promoter (-392/+278). Similarly, forebrain nuclear
extract decreased the basal transcription of the GAD65 promoter (-508/+600) supported
by HeLa alone as well as transcription supported by HeLa extract in the presence of 1.5
pmol of N171-23Q. Thus, forebrain nuclear extract did not increase transcription or
prevent N171-87Q-induced repression of the PDE10A2 and GAD6S5 promoters (Fig. 5-
3B).

We wanted to determine whether the presence of N171-87Q altered the
abundance of specific proteins that bound to the PDE10A2 and GAD65 promoters in this
active transcription system. A flow scheme of the steps used to isolate proteins that
interacted with the Dynabead-coupled PDE10A2 or GAD65 promoters is illustrated in
figure 5-5. Biotinylated PDE10A2 and GADG65 promoter fragments attached to
streptavidin-coated magnetic Dynabeads were used as templates for transcription. Four
different sizes of transcripts were produced from the Dynabead-coupled PDE10A2
promoter, and 3 of these 4 sites corresponded closely to the four transcription start sites
observed using non-Dynabead-coupled PDE10A2 template (Fig. 5-4A). The 352 nt
transcript derived from start site 2 that was located at position -74 relative to the most 5’
transcription start site identified in vivo (+1) was not detected suggesting that the
Dynabead-labelling of the PDE10A2 promoter rendered this site inactive. Four different
sizes of transcripts were synthesized from the Dynabead-coupled GAD65 promoter (Fig.
5-4B), three of which corresponded to transcription start site 1, 3, and 5 identified using

the non-Dynabead-coupled GAD65 promoter as shown in figure 5-2. The 477 nt
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Figure 5-4. N171-87Q decreased transcription of the Dynabead-coupled PDE10A (-
392/+278) and GADG65 promoter (-508/+600) in vitro. In vitro transcription was
performed with Dynabead-coupled PDE10A2 and Dynabead-coupled GAD65 promoter
fragments in the presence of HeLa nuclear extract and 1.5 pmol of N171-23Q or N171-
87Q as indicated. The RNA products were fractioned on a denaturing 4% PAGE gel.
The relative positions of a radiolabelled and denatured PhiX174 DNA/Hinfl markers
(Fermentas) are indicated on the left. Schematic representations of the PDE10A and the
GADG65 promoter are shown above each graph as a black line in A and B, respectively.
The sizes of detected transcripts are indicated on the right (nt). The numbers in the
bracket correspond to transcription start site indicated as downward-pointing arrows in
A.
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transcript corresponded to a new site +123 relative to +1 site identified in vivo (Menalled
et al,, 2000). Although Dynabead labeling of the PDE10A2 and GAD65 promoters
slightly altered transcription start sites usage in vitro, the presence of Dynabead at the end
of these DNA templates did not alter N171-87Q-induced transcriptional repression (Fig.
5-4).

As 1.5 pmol of N171-87Q was able to reduce transcription from the Dynabead-
coupled PDE10A2, we wanted to determine whether N171-87Q wés among proteins that
bound to the promoter or among proteins that did not bind to the promoter. Western blot
analysis was performed using an anti-histidine antibody which recognizes the histidine-
tag at the N-terminus of recombinant N171-23Q (~28 kDa) and N171-87Q (~35
kDa)(Fig. 5-6). Both N171-23Q and N171-87Q were present in proteins that bound to
the Dynabead-coupled PDE10A2 promoter. N171-23Q or -87Q was not detected in
washes 1 or 2, (Fig. 5-6A). Comparing the levels of detected fusion proteins, we
observed that N171-23Q was present at equal amount in proteins that bound to the
promoter (Bound, B) and proteins that did not bind (Unbound, UB) and that N171-87Q
appeared to be more abundant in the unbound fraction than the bound fraction (arrows).
This antibody also detected two other proteins present in HeLLa nuclear extract in
reactions that contain HelLa, HeLa plus N171-23Q), and HeLa plus N171-87Q. The two
proteins present in Hel.a nuclear extract that cross reacted with the‘anti-histidine antibody
were approximately 38 and 40 kDa. There was an another anti-histidine immunoreactive
band migrating at ~70 kDa in the lanes containing unbound protein of the reaction
containing HeLa extract and N171-87Q and in the control lane that contained N171-87Q

alone (far left), indicating that the 70 kDa band may be an aggregation of N171-87Q
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Figure 5-6. N171-23Q and N171-87Q were both present in the protein population
that bound to the Dynabead-coupled PDE10A2 promoter. Hela nuclear proteins
were allowed to bind to the Dynabead-coupled PDE10A2 promoter in the presence of 1.5
pmol of N171-23Q or N171-87Q. Bound proteins (B), unbound proteins (UB), proteins
that were present in the first wash of the Dynabead-coupled DNA (wash 1, W1) and
proteins that were present in the second wash(wash 2, W2) were isolated as illustrated in
figure 5-5. Western blot analysis of these proteins using an anti-histidine antibody is
shown in A. 1.5 pmol of N171-23Q and N171-87Q were used as positive controls for the
immunolabelling and their mobility is shown on the right. Silver stained SDS-PAGE
analysis is shown in B. The total proteins in the reaction before magnet separation are
indicated under the heading total. The relative mobility of molecular weight markers
(kDa) are indicated on the left.
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monomers that form dimers with the concentrations used that are resistant to SDS and
heat dissociation (Fig. 5-6A). Silver staining of these fractionated protein fractions
indicated that the bound proteins and the unbound proteins each had a different banding
pattern suggesting they each contained a unique protein population. A comparable
analysis was also performed on proteins that bound to the Dynabead-coupled GAD65
promoter and there appeared that certain proteins were enriched in the bound fraction
compared to the unbound fraction. Similarly, we found that N171-87Q was also present
in both the bound and the unbound fractions for the GAD635 promoter (data not shown).
We compared the proteins that directly interacted with the PDE10A2 and GAD65
promoters on silver-stained one-dimensional (1-D) SDS-PAGE gels and determined that
there were some common and some unique proteins bound to each promoter as indicated
by arrows in figure 5-7, demonstrating that the subsets of proteins present in the HeLa
nuclear extract provided promoter-specific proteins to preinitiation complexes in addition
to common proteins that interacted with both promoters. Whether the reproducible, but
subtle differences, in the abundance of proteins that bound to the Dynabead-coupled
PDE10A2 and GAD65 promoters in the presence of N171-87Q affects transcription
remains to be determined. Two-dimensional SDS-PAGE analysis was performed on
proteins that bound to the Dynabead-coupled PDE10A2 promoter. Many of the proteins
that bound these promoters had the same isoelectric points (PI), molecular weight (MW)
and apparent abundance in complexes whether N171-23Q or N171-87Q was present.
However, the presence of N171-23Q or N171-87Q altered the relative abundance of

several proteins (Fig. 5-7B).
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Figure 5-7. One-dimensional and two-dimensional SDS-PAGE analyses of proteins
that bound to the Dynabead-coupled promoters in the presence of N171-23Q and
N171-87Q. HeLa nuclear proteins were allowed to bind to Dynabead-coupled PDE10A2
and GAD65 promoters in the presence of 1.5 pmol of N171-23Q or N171-87Q. Proteins
that were bound to the Dynabead-coupled PDE10A2 promoter (-428/+278) (lanes 1 and 2)
and proteins that bound to the Dynabead-coupled GAD65 promoter (-508/+600) (lanes 3
and 4) were isolated as shown in figure 5-6A, and then fractioned on 7.5% SDS-PAGE
gels followed by silver staining (A). 1.5 pmol of N171-23Q (lane 1 and 3) or 1.5 pmol of
N171-87Q (lane 2 and 4) was included in the reactions. The relative mobilities of
molecular weight markers (kDa) are indicated on the left. Bound proteins that are
enriched on each promoter are indicated by arrows on the right. Proteins that were bound
to the Dynabead-coupled PDE10A2 promoter (-428/+278) in the presence of N171-23Q
or N171-87Q were fractioned by two-dimensional SDS-PAGE. A portion of 2-D SDS-
PAGE analysis of bound proteins is shown in B. The relative mobility of molecular
weight markers (kDa) in the second dimension are indicated on the left.
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Reducing the levels of huntingtin increased transcription of the PDE10A2 promoter in ex
Vivo.

Transient expression of N89-22Q in ST14A cells decreased the activities of
PDE10A2 and GADG6S promoters. We hypothesized that the N-terminus of huntingtin
protein probably decreased transcription in striatal cells. A RNA interference (RNAI)
approach was used to reduce the expression of the N-terminus of huntingtin in N548wt-
15Q and N548hd-128Q cell lines and to see how reducing levels of huntingtin affects
transcription. A small hairpin RNA construct (shRNA.htt) that expresses a 21 nt
antisense RNA complementary to the 413-436 nt of the human huntingtin mRNA
(GenBank assession number, NM002111) (Harper et al., 2005) or a control vector that
did not express any short hairpin RNA (shRNA) were co-transfected with the PDE10A2-
pGL3 (-438/+278, P6) and transfection efficiency control construct phRL-TK into
N548wt-15Q and N548hd-128Q cells. The activity of PDE10A2-pGL3 (-438/+278) in
the presence of shRNA.htt increased in N548wt-15Q and N548-128Q cells compared to
the promoter activity in the presence of shRNA vector (Fig. 5-8). The relative activity of
PDE10A2-pGL3 (-438/+278) was increased by 1.3 and 2.0 fold in N548wt-15Q and
N548hd-128Q cells, respectively, compared to the promoter activity in the absence of
anti-N-terminal huntingtin shRNA.htt in each cell line. Despite differences in the fold
increase compared to cells that did not express the shRNA, the promoter activity reached
the same level in two cell lines in the presence of shRNA htt. Western blot using
MAB2166 antibody and densitometric analysis of the immunoreactive bands
demonstrated that the expression of the shRNA htt reduced the protein levels of the 75

kDa N-terminus of huntingtin expressed in N548wt-15Q cells by ~50% (Fig. 5-8B, 5-
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Figure 5-8. Expression of shRNA.htt reduced levels of human huntingtin in N548wt-
15Q and N548hd-128Q cells and alleviated the N-terminus of mutant huntingtin-
induced repression of PDE10A2 promeoter activity. PDE10A2-pGL3 (P6, -428/+278)
plasmid DNA was co-transfected with shRNA htt or shRNA.vec into N548wt-15Q and
N548hd-128Q cells. Firefly luciferase activity was normalized to Renilla luciferase
activity and results were expressed as relative luciferase activity shown in A. Western
blotting analysis using MAB2166 antibody is shown in B. The size of detected wild-type
huntingtin protein from N548wt-15Q cells transfected with either sShRNA vector (lane 1)
or shRNA.htt (lane 2) is indicated on the left. A 50 kDa amido black-stained band was
used as a loading control. Optical denstiy of the wild-type huntingtin protein were
normalized to a 50 kDa amido black-stained protein and results were expressed as
normalized OD (=SEM, N=3). *P<0.05, significant difference between shRNA.vec and
shRNA.htt. $P<0.05, significant difference between N548wt-15Q cells and N548hd-
128Q. (Two-away ANOVA).
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8C), which is similar to the efficacy of knockdown reported in a previoué study (Harper
et al., 2005). A low level of mutant huntingtin N548hd-128Q was detected in N548hd-
128Q cells, suggesting that the extended polyQ tract in N548 reduced MAB2166-
immunoreactivity due to an altered conformation of N548 containing 128Q (Davies et al.,
1997). Therefore, it was not possible to measure whether shRNA.htt reduced the levels
of mutant huntingtin in N548hd-128Q cells. There was an increase in promoter activity
when N-terminal huntingtin levels were decreased in N548wt-15Q cells, suggesting that
the N-terminal huntingtin protein repressed transcription in these cells and that the
presence of an extended polyglutamine tract within the N-terminus had an additive
repressive effect on transcription.

Previously, Zhai ef al. (2006) demonstrated that mutant huntingtin protein
interacts with amino acids 40 to 60 of the RAP30 subunit of TFIIF, a key component in
the core transcription machinery, thus interfering with the formation of the RAP30-
RAP74 native complex and they hypothesized that this interaction was the cause of
mutant huntingtin-induced transcriptional regulation. Human TFIIF consists of two
subunits, RAP30 and RAP74 that, as a complex, directly bind to RNA pol II and function
to recruit Polll to TFIID/TFIIB complex. TFIIF is a required component for transcription
of all genes (Robert er al., 1998). We hypothesized that a peptide composed of amino
acids 40 to 60 of RAP30 would act as a dominant negative molecule interacting with and
blocking the effects of mutant huntingtin, thus allowing the endogenous RAP30 and
RAP74 to associate and fulfill their normal function in transcription as TFIIF. Co-
transfection of a construct that expressed amino acids 40-60 of RAP30 [pCDNA4-RAP30

(40-60)] and PDE10A2-pGL3 (-438/+278) into N548wt-15Q and N548hd-128Q cells did
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not alter the ratio of PDE10A2-dependent firefly to Renilla luciferase activity (Fig. 5-9A)
even though pPCDNA4-RAP30 (40-60) affected transcription. There was a 1.4 fold
increase of firefly luciferase activity driven by the PDE10A2 promoter in the presence of
pCDNA4-RAP30(40-60) and a 1.6 fold increase of the Renilla luciferase activity driven
by the thymidine kinase promoter in the presence of pCDNA4-RAP30(40-60) in both cell
lines (Fig. 5-9B, C). Increased firefly and Renilla promoter activities in both N548wt-
15Q and N548hd-128Q cells in the presence of RAP30 (40-60 aa) indicated that this
peptide was affecting promoter activity within these cells and increased general
transcription independent of the length of the polyQ within the amino terminus of mutant
huntingtin.

Recently, Slepko et al. (2006) demonstrated that synthesized polyQ peptides,
which are lengths corresponding to non-pathological polyQ repeats, enhance the
aggregation of a pathologic length polyQ47 peptide in vitro in a concentration and polyQ
length-dependent manner. Co-expression of a wild-type huntingtin contruct (Exon 1-
20Q) in a fruitfly model of HD (Exon 1-93Q) accelerates aggregate formation and
neurodegeneration. Although this study showed that aggregate formation causes
neurodegeneration of photoreceptor neurons in Drosophila, a large amount of evidence
indicates the aggregation process is independent of neurodegeneration but associated with
neuronal dysfunction (Saudou et al., 1998; Arrasate et al., 2004; Schaffar et al., 2004;
Slow et al., 2005). We hypothesized that if a normal length polyQ peptide enhanced
aggregation of a pathologic length polyQ ir vitro regardless of whether or not such

aggregates affect cell survival ex vivo, we would see an alleviation of the repressive
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Figure 5-9. Expression of a portion of the RAP30 protein increased the firefly
luciferase activity driven by the PDE10A2 promoter and the Renilla luciferase
activity driven by the TK promoter in N548wt-15Q and N548hd-128Q cells.
PDE10A2-pGL3 (P6, -428/+278) was co-transfected with phRL-TK, pcDNA4 vector or
pCDNA4-RAP30 (amino acids 40-60 into N548wt-15Q and N548hd-128Q cells.

Firefly luciferase activity was normalized to Renilla luciferase activity and results were
expressed as relative luciferase activity in A. Average firefly luciferase activity is
shown in B. Average Renilla luciferase activity is shown in C (+SEM, N=12), *P<0.05,
significant difference between pcDNA4 vector or pPCDNA4-RAP30 (40-60 aa), 1P<0.05,
significant difference between N548wt-15Q cells and N548hd-128Q (Two-away
ANOVA).
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effect of soluble recombinant N171-87Q protein in in vitro transcription reactions of the
PDE10A2 promoter. To test this possibility, we obtained a synthetic peptide that
contained 20 contiguous glutamines and two lysine residues on each side (polyQ) and a
control peptide containing the polyproline-rich sequence found downstream of the polyQ
repeat in human huntingtin (amino acids 51 to 70; 19) (polyP) to determine whether
preincubation of polyQ peptide and N171-87Q would affect transcription of the -
PDE10A2 promoter in vitro. Levels of the 232 nt and 218 nt transcripts did not change in
reactions containing 1.5 pmol of N171-23Q or N171-87Q that had been preincubated
with 1.5 or 15 pmol of polyQ or polyP compared to the level of these transcripts in
reaction.s without polyQ or polyP peptides. A ten min preincubation with either a 10:1 or
1:1 ratio of polyQ or polyP peptide to N171-23Q or N171-87Q did not affect
transcription from the PDE10A2 promoter in vitro. It is possible that either the
concentrations of peptides used were not high enough to initiate the aggregation process
or there was not enough time for aggregation to occur. Before we used a high dose of
polyQ and polyP to test whether they blocked the repressive effect of N171-87Q, we
tested whether a high dose of peptides would affect transcription in the absence of N171-
87Q. In fact, increasing amounts of polyP (2 pmol, 20 pmol, 200 pmol, 0.5 nmol, 1
nmol, 5 nmol) did not alter the amount of product transcribed from the PDE10A2
promoter (data not shown). The same amounts of polyQ peptide did not alter
transcription with the exception of the highest dose (5 nmol). In the presence of 5 nmol
polyQ, transcript levels were reduced suggesting that this dose of polyQ could decrease
transcription directly (data not shown). When we preincubated 2 pmol and 20 pmol of

polyP and polyQ peptide with 2 pmol of N171-87Q that corresponded to 1:1 and 10:1
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Figure 5-10. Preincubation of N171-87Q and a peptide with 20 polyglutamines
[polyQ(20)] alleviated the N171 mediated transcriptional repression in a dose-
dependent manner on the PDE10A2 promoter. N171-23Q and N171-87Q were pre-
incubated with a peptide composed of 20 glutamines (polyQ) or a 19 amino acid
polyproline-rich peptide (polyP) for10 min (A) or for 2.5 hrs (B) before in vitro
transcription reactions. The relative amount of polyQ or polyP and N171-87Q contained
in each in vitro transcription reaction are indicated. The equivalent amounts of polyP
used in each reaction were aligned below. The 232 and 218 nt transcripts from the
PDE10A2 promoter are shown.
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ratio of peptides to N171-87Q for 2.5 hrs before in vitro transcription, we did not see any
changes in the levels of transcripts, suggesting that extended preincubation of these
peptides with N171-87Q did not reverse N171-87Q-mediated repression (Fig. 5-10B).
However, when the ratios of both peptides to N171-87Q were increased to 100:1, 250:1
and 500:1 (200 pmol, 0.5 nmol, 1 nmol of peptides to 2 pmol of N171-87Q), there was a
dose-dependent increase of the levels of PDE10A2 transcripts compared to the levels of
transcripts from HeLa and N171-87Q (Fig. 5-10B). A 1000:1 ratio (5 nmol) of polyQ to
N171-87Q reduced transcript levels. This suggests that 1000:1 ratio had combinatory
effects, one was from the amount of peptide that blocked the N171-87Q-mediated
repression and another was from the repressive effect of the polyQ peptide itself when it
reached more than 1 nmol. Thus, it appears that at a ratio of 100:1, 250:1 and 500:1
between polyQ or polyP peptides and N1.71-89Q, there was a dose-dependent de-
repression of N171-89Q-involved transcription from the PDE10A2 promoter. This data
suggests that decreasing the soluble level of N171-87Q by promoting it to form

aggregates alleviates its repressive effect on transcription in a dose-dependent manner.

5.3 Discussion

Transcription initiation is a highly orchestrated process that requires the assembly
of pfomoter-speciﬁc DNA binding proteins and the core RNA pol II transcription
machinery for the formation of a preinitiation complex at the transcription initiation site
(Hampsey, 1998; Lemon & Tjian, 2000; Asturias, 2004). In this study, we wanted to
study how polyQ in the context of the N-terminus of mutant huntingtin caused gene-

specific transcriptional repression in a cell-free, functional transcription system and how
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the presence of mutant huntingtin altered protein assembly for transcription initiation on

the core promoter of the PDE10A2 gene.

Soluble mutant huntingtin directly affected transcription independent of chromatin
structure.

One of the fundamental mechanisms controlling the selectivity of gene expression
is through limiting the ability of transcription factors to access promoter sequenceé by
packaging genes into chromatin (Emerson, 2002). During RNA pol II-mediated
transcription, accessibility of transcription factors to DNA and recruitment of RNA pol I
basal transcription complexes to promoters is regulated by modulation of nucleosomal
structure through ATP-dependent remodeling and histone modification. The amino-
terminus of huntingtin protein interacts with proteins CBP and p300/CAF that have
histone acetyltransferase activity and such interaction leads to recruitment of these factors
into aggregates compromising their ability in histone acetylation (Nucifora et al., 2001;
Steffan et al., 2000). It is proposed that decreased histone acetylation induced by mutant
huntingtin results in decreased transcription seen in many genes in HD and that histone
modification might be an underlying mechanism of transcriptional dysregulation in HD
(Sadri-Vakili & Cha, 2006). This concept has been supported by beneficial effects of
histone deacetylase (HDAC) inhibitors in animal models of HD, which, in theory,
augment histone acetylation and compensate for decreased transcription (Steffan et al.,
2000; Bates, 2001; Nucifora et al., 2001, Ferrante et al., 2003; Hockly et al., 2003). We
found that éoluble mutant huntingtin N171-87Q directly caused decreased transcription of

DNA fragments of the PDE10A and GAD65 promoters that were free of chromatin
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structure (Widlak er al., 1997). This effect was polyQ length-dependent, which
recapitulates the effects observed in vivo, and confirms that mutant huntingtin protein
exerts a toxic “gain-of-function” (Chapter 3, Fig.3-3 and Hebb et al., 2004). The
observed repression in vitro is unlikely due to soluble mutant huntingtin interfering with
chromatin modifying activities such as histone acetylation or deacetylation, because the
DNA templates that are free of proteins were added to the system. Our findings are
consistent with a previous study showing that soluble mutant huntingtin is able to
decrease transcription on a chromatin structure-free, dopamine D2 receptor promoter
fragment using in vitro reconstituted basal transcription factors and RNA pol II (Zhai et
al., 2005). The authors also found that the addition of HDAC inhibitors in the in vitro
system has no effect on mutant huntingtin-mediated transcription, emphasizing that
chromatin modification is not a required regulatory event for mutant huntingtin to exert
transcriptional repression. Therefore, histone modifications on chromatin structure of

genes is unlikely the only theme in transcriptional dysregulation in HD.

Forebrain nuclear proteins decreased transcription in vitro.

The activity of the GAD65 promoter was not affected by the N-terminus of
mutant huntingtin in vivo and ex vivo (Chapter 4, Fig. 4-11, Menalled et al., 2000).
However, soluble N171-87Q decreased transcription from the GAD6S5 promoter in vitro
suggesting that HeLa nuclear extract may not contain brain-specific factors that protect
the GAD65 promoter from the activity of mutant huntingtin or this system does not
faithfully recapitulate all aspects for accurate neuronal transcription. The addition of

forebrain nuclear extract decreased transcription from the PDE10A2 promoter to a level
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that there was no further measurable repressive effect from N171-87Q. These results
differ with the result on the cytomegalovirus (CMV) promoter where the addition of
wild-type forebrain nuclear extract increased expression of the CMV promoter in vitro
(Hogel, Gomez and Denovan-Wright, unpublished data) and accentuated the repression
caused by N171-87Q. These data suggest that the N-terminal mutant huntingtin act
synergistically with forebrain nuclear proteins to reduce transcription on the CMV
promoter. It is possible that forebrain nuclear extract interacting with N171-87Q alters
transcription of promoters with lower activity than CMV, such as PDE10A2, but we were

unable to detect such effects using this in vitro system.

Mutant huntingtin was associated with the transcription preinitiation complexes
Transcription initiation starts with the assembly of the preinitiation complex on
the promoter (Conaway & Conaway, 1993). The proteins from HeLa nuclear proteins in
the presence of recombinant N171-23 or -87Q that bind to the promoter before the
addition of ANTP can be isolated by magnet separation of Dynabead-coupled promoter.
Both soluble N171-23Q and N171-87Q were localized to protein‘fractions that bound to
the PDE10A2 and GADG65 promoters, suggesting that both proteins were likely present in
the complexes ready for transcription initiation. It is unlikely that these proteins act as
DNA binding proteins to directly bind to DNA, since we did not see any difference in
protein binding pattern on the PDE10A?2 promoter fragment in in vitro DNase |
footprinting between reactions containing HeLa nuclear extract alone or HeLa extract in
the presence of N171-23Q or N171-87Q (data not shown). It is possible that both N171-

23Q and N171-87Q act as bridging molecules by associating with DNA binding proteins
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that physically bind to the promoter. This suggests that sequences in N171 can interact
with basal factors and that 87Q within N171 mediates transcriptional repression. It is
important to note that, while N171-23Q is an experimental control in vitro, the
comparable part of the normal huntingtin protein does not accumulate in the nucleus in
vivo. Future experiments to identify proteins that affect promoter activity will compare
protein populations isolated from transcription reactions without N-terminal mutant
huntingtin, and reactions containing N171-23Q and N171-87Q. Ideally, we would want
to examine how the pathological length polyQ alone alters transcription initiation in vitro.
However, pathological length polyQ is not soluble.

Many mutant huntingtin-binding partners have been identified through in vitro
binding assays and several of them are basal transcription components such as TAFII130
or TAF4 | TFIIF (Dunah et al,, 2002; Zhai et al., 2005). TFIIF is composed of two
subunits, RAP30 and RAP74, and the association of these two subunits is critical for the
production of a functional TFIIF in the core transcfiption machinery. It has been shown
that RAP30 interacts with the N-terminus of mutant huntingtin. This interactibn disrupts
the formation of a functional TFIIF complex and causes abnormal transcription of the
dopamine D2 receptor promoter (Zhai ef al., 2006). These authors hypothesized that
dysfunctional TFIIF is the cause for transcriptional dysregulation in HD. However, over-
expression of amino acids 40 to 60 of RAP30 increased both firefly activity derived from
PDE10A2 promoter and Renilla luciferase activity from the TK promoter but did not
alter the ratio between the two in cells expressing either wild-type (N 548wt-15Q) and
mutant huntingtin (N548hd-128Q). This suggests that RAP30 does not appear to be the

target inhibited by mutant huntingtin to give a specific transcriptional repression on the
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PDE10A2 promoter. Over-expression of full-length RAP30 in primary striatal cells
expressing the N-terminus of mutant huntingtin alleviates transcriptional repression on
the D2 promoter and cell toxicity induced by mutant huntingtin (Zhai et al., 2005).
However, the promoter activity in their study was measured by normalizing luciferase
activity derived from the D2 promoter to the amount of protein present in each lysate.
This normalization is questionable since the transfection efficiency is not properly
controlled by normalizing the luciférase activity to total protein lysate. In contrast, the
PDE10A2 promoter activity was obtained by normalizing the activity of firefly to Renilla
activity within the same cells. This internal normalization accurately reflected the mutant
huntingtin effect. Our result indicates that expressing RAP30 (40-60 aa) can increase the
absolute promoter activity, but not the ratio of firefly to Renilla luciferase activity in cells
expressing N548hd-128Q. It is unlikely that RAP30 blocks mutant huntingtin effects

specifically on the PDE10A2 promoter in N548hd-128Q cells.

polyQ and polyP peptides alleviated transcriptional repression by N171-87Q

The formation of NIIs is a process that is independent from mutant huntingtin-
induced dysregulation of transcription, cell death and the development of HD symptoms
in animal models of HD (Saudou ef al., 1998; Yu et al., 2002; Schaffar et al., 2004). We
showed that preincubation of N171-87Q with polyQ and polyP peptides blocked the
repressive effect of N171-87Q. It appeared that normal length polyQ peptide can only
initiate the aggregation with N171-87Q at certain concentrations, which gave a
concentration dependént de-repression of transcription in vitro. This finding agrees with

previous observations that aggregate formation is a nucleation-dependent polymerization
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process (Slepko ef al., 2006). In this process, mutant huntingtin may exist as disordered
monomers and it starts to form fibrils via spontaneous aggregation (Slepko et al., 2006).
Thus, proteins containing sterically accessible polyQ segments can serve to elongate or
enhance the growth of polyQ-based aggregates (Huang ef al., 1998; Perez et al., 1998).
Slepko et al. (2006) also showed that co-expression of exon 1 of wild-type huntingtin
with 20Q together with exon 1 of mutant huntingtin with 94Q in Drosophila accelerates
the aggregation process leading to a faster neurodegeneration seen in photoreceptor
neurons in Drosophila. Similarly, an earlier study showed that exon 1-containing mutant
huntingtin promotes the aggregation of wild-type huntingtin in vitro, causing the
formation of SDS-resistant co-aggregates with a fibrillar morphology. However, this N-
terminus mutant huntingtin did not promote the aggregation of the polyQ-containing
transcription factors neuronal OCT3 and PQBP-1 (Busch e al., 2003). These
observations suggest that mutant huntingtin is able to form aggregates with wild-type
huntingtin which appears to be a highly selective process that not only depends on polyQ
tract length but also on the surrounding amino acid sequence. The data suggest that co-
aggregation of wild-type huntingtin and mutant huntingtin may limit the concentration of
soluble mutant huntingtin in vivo.

The observations that both polyQ and polyP peptides alleviated the repression of
transcription suggests that soluble N171-87Q likely interferes with transcription through
interacting with polyQ and polyP region of transcription factors in the preinitiation
complexes. The short peptides at a high concentration efficiently block such interactions.
It is known that transactivation domains of most of transcription factors contain a

polyglutamine and a polyproline rich region (Gerber ef al., 1994). Thus, soluble N171-
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87Q is likely to affect transcription by interacting with transactivation domains of
transcription factors. This complements the observations in Chapter 4 where the N-
terminus of mutant huntingtin did not appear to affect DNA binding of transcription
factors but likely affected transactivation domain of factors.

Western analysis of a 1-D gel of proteins that bound to the PDE10A2 and GAD65
promoters indicated association of N171-23Q or N171-87Q with these proteins. Several
attempts to detect N171-23Q or N171-87Q on 2-D gels were not successful (data not
shown). Nevertheless, the silver staining of bound proteins on 2-D gels suggested that
N171-87Q altered the intensity of individual proteins but not did not appear to cause
small changes in isoelectric point or molecular weight indicating that N171-87Q is
unlikely to post-translationally modify transcription factors that form preinitiation
complexes on this promoter. Determining the identity of these factors and how these
factors are functionally involved in mutant huntingtin-mediated transcriptional repression

are ongoing studies in the laboratory.
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CHAPTER 6

Conclusions
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6.1 Summary

Although it is known that inheritance of one copy of the HD gene with an
extended CAG repeat causes HD and that the huntingtin protein is expressed throughout
the brain and body, the exact mechanism(s) whereby this genetic mutation causes all of
the changes that progressively alter brain function remains poorly defined. Unlike most
other neurodegenerative disorders, HD patients can be unambiguously identified decades
before the appearance of disease symptoms or measurable changes in brain structure or
function. For this reason, a clear understanding of how mutant huntingtin directly initiates
the cascade of events that make up thé natural course of HD may lead to novel targets to
intervene or prevent the development of HD. HD is currently without effective
management strategies.

The goal of this study was to contribute to our understanding of the mechanism
whereby mutant huntingtin directly affects gene expression, which occurs early in disease
progression and initiates a cascade of events that lead to changes in neuronal function.
We studied the spatial and temporal regulation of PDE10A in the brains of transgenic
models of HD (R6/1 and R6/2). Different mechanisms of transcriptional dysregulation
were tested in cell culture models of HD and an in vitro transcription system using
soluble, purified recombinant huntingtin proteins. We determined that the N-terminus of
mutant huntingtin reduced the steady-state level of PDE10A2 mRNA by affecting the
rate of transcription initiation from two of three transcription start sites in vivo in the
striatum of R6/1 mice. Previous studies that demonstrated interactions between mutant
huntingtin and transcription factors (Huang et al., 1998; Boutell et al., 1999; Kazantseve

‘et al., 1999; Nucifora er al., 2000; Steffan et al., 2000; Dunah et al., 2002; McCampbell
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et al., 2000) were based on the unproven assumption that mutant huntingtin affected
transcription initiation. Mutant huntingtin did not alter the DNA binding activity of
transcription factors in vitro or alter protein-PDE10A2 promoter interactions in vitro or
ex vivo. The soluble, and not the aggregated form, of mutant huntingtin reduced
transcription. Mutant huntingtin repressed, but did not completely block, transcription.
We developed a system to 1) identify proteins that interact with mutant huntingtin and
affect transcription and 2) to test the effect of such interactions in vitro. We also
demonstrated that N-terminus mutant huntingtin-dependent transcriptional repression
could be alleviated by pre-incubating purified, soluble N-terminus mutant huntingtin

N171-87Q with non-pathological length polyQ and polyP peptides.

6.2 Mutant Huntingtin Is Incorporated Into the Transcriptionally-Active Complexes
Previously, three models of the mechanism of transcriptional dysregulation in
HD were proposed (Sugars & Rubinsztein, 2003; Thomas, 2006; Fig. 6-1). First, polyQ
in the context of the N-terminus of mutant huntingtin may allow this part of mutant
huntingtin to directly function as a transcription factor. In this model, N-terminus mutant
huntingtin would be a DNA binding protein that displaces other polyQ-containing
transcription activators or recruits co-repressors (Fig. 6-1A, 1). Second, N-terminus
mutant huntingtin may interact with or sequester transcription factors and prevent these
factors from forming functional complexes on promoters (Fig. 6-1A, 2). Third, mutant
huntingtin may directly alter transcription by interacting with specific components in the

core transcription machinery including TAFII130 (Dunah ef al., 2002) and TFIIF (Zhai et
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N-polyQ-mhtt

Specific TFs

Basal transcription
machinery

Specific TFs

Basal transcription
machinery

VN

Fewer Pol Il complexes Pol II complex contains different proteins
assembled when N-mhtt is present

Figure 6-1. Models of N-terminus mutant huntingtin-mediated transcriptional
dysregulation. As shown in part A, N-terminus mutant huntingtin (N-mhtt) could act as
a DNA binding protein on affected promoters (1), sequester transcription factors away
from the promoter (2) or block the communication between promoter-specific factors and
the core pol II transcription machinery (3). Our data supports the hypothesis that mutant
huntingtin is associated with components of the active transcription machinery. As
shown in B, N-terminus mutant huntingtin could cause fewer complexes to be assembled
or alter the composition of complexes that do assemble. The change in complex may
lead to reduced transcription.
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al., 2005) (Fig. 6-1A, 3) and block communication between sequence specific factors and
the core pol II complex (Fig. 6-1A, 3).

In this study, we determined that the N-terminus of mutant huntingtin affected
transcription initiation at a specific promoter of the PDE10A2 gene in vivo, ex vivo and in
vitro. Mutant huntingtin did not affect the ability of transcription factors to bind to DNA
nor did it act as a DNA binding protein itself on the PDE10A2 promoter region we
examined. Thus, our data do not support model 1 or 2 (Fig. 6-1A). Our data demonstrate
that the N-terminus of mutant huntingtin associates with proteins that assemble at the
minimal promoter and affects transcription initiation. This observation is consistent with
numerous other studies that have shown interactions between the proteins that together
make up a functional pol II complex with co-activators (Shimohata et al., 2000; Dunah e?
al., 2002; Zhai et al., 2005). There are two theories that could explain why such
association would cause reduced transcription. First, mutant huntingtin could block
interactions between interacting proteins and cause less frequent productive assembly of
transcription factors at the transcription start site, which would result in less mMRNA
synthesis (Fig. 6-1B). Second, the N-terminus of mutant huntingtin could alter the
composition of transcriptionally-active complexes at the transcription start sites leading
to the assembly of pol II complexes that have reduced rates of transcription (Fig. 6-1B).
Because the presence of N171-87Q did not appear to alter the amount of protein that
associated with the promoter but did affect the relative abundance of specific promoter-
bound proteins on the PDE10A2 promoter, our data supported the second theory
whereby the composition of functional pol II complexes was altered by N-terminus

mutant huntingtin.
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6.3 Composition of the Basal Transcription Machinery and Cell- And Promoter-
Specificity In the Presence of Mutant Huntingtin

A key unresolved issue in HD research is the definition of the basis for mutant
huntingtin-dependent cell-, gene- and promoter-specific transcriptional repression. It is
generally thought that Pol II transcription complex is largely invariable and that the
temporal and spatial regulation of gene expression in multicellular organisms is
controlled by tissue-specific transcription factors that act upstream of the core promoter
to recruit the Pol II complex. Increasing evidence, however, has demonstrated that TFIID

B within the Pol Il complex, is composed of various TBP and TBP-associating factors
(TAFs). Such variability in TFIID has emerged as one of critical components that leads
to a highly versatile, cell-type specific and promoter-specific transcription apparatus
(Hochheimer & Tjian, 2003). For example, TBP-related factor 2 (TRF2) in mice and
humans is highly expressed in testis compared to other tissues and is important for gene
expression during spermatogenesis based on evidence obtained from TRF2 knockout
mice (Rabenstein et al., 1999). Cell type-specific expression of TAF4 has also been
demonstrated (Freiman ef al., 2001). TAF4 is highly expressed in B cells and interacts
with B cell-specific regulators including NFkappaB/Rel family transcription factors to
regulate gene expression in B cells (Ainbinder ef al.,, 2002). Differential association of
TRF2 with TFIIA or TFIIB gives promoter-selective gene expression in Drosophila
(Goodrich & Tjian, 1994). Our preliminary analysis of PDE10A2 promoter-bound
proteins by 2D-PAGE suggests that the presence of soluble mutant huntingtin alters the
composition of transcription initiation complexes. Thus, it seems likely that the extended

polyQ at the N-terminus of mutant huntingtin results in differential association of
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different components of the general transcription machinery, which ultimately causes the

cell type- and gene-specific transcriptional repression by mutant huntingtin.

6.4 Future Work

Our data support the theory that mutant huntingtin alters the composition of pol II
complexes that are bound to the PDE10A2 promoter. It did not appear that N-terminus
mutant huntingtin affected the overall ability to assemble or stabilities of protein
complexes at the PDE10A2 promoter. The first step in our future work will be to identify
proteins that are more or less abundant within PDE10A2 promoter-bound pol 11
complexes in the presence of N171-87Q. Preliminary 2D comparative analysis presented
here (Fig. 5-7) will be replicated and include comparisons between reactions containing
HeLa extract, HeLa extract and N171-22Q and HeLa extract and N171-87Q. Proteins
which are present in complexes that have lower activity in the presence of N-terminus
mutant huntingtin will be subjected to Tandem Mass Spectrometry for identification. We
will then determine whether such interactions are mediated through the polyQ region or
the polyQ region in the context of the N-terminus of mutant huntingtin and determine
whether over-expression or depletion of specific proteins affect mutant huntingtin-
induced transcriptional repression in vitro, in cell culture models, and animal models of
HD. We will perform parallel studies using several mutant huntingtin-sensitive and —
resistant promoters. This systematic approach will give us confidence that the interaction
between mutant huntingtin and any specific protein has a functional cbnsequence on

transcription and pinpoint the fundamental mechanism that causes early pathogenesis of
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HD. Using the information obtained, we may ultimately be able to formulate strategies to

rescue mutant huntingtin-altered transcription.
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