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Abstract

Huntington’s disease is one of nine expanded (CAG) repeat disorders. The expansion
in Huntington’s disease lies in the first exon of the huntingtin (HTT) gene and is
pathogenic when (CAG)>40. Individuals with Huntington’s disease develop motor,
cognitive, and psychiatric symptoms in adulthood. These symptoms progress for ap-
proximately 15 years at which time they become fatal. The clinical manifestation
of HD largely results from the extreme degeneration of neurons in the striatum and
cortex. The HTT gene encodes the huntingtin (HTT) protein. Over the years, re-
searchers have developed a rich understanding of the consequences of loss of wildtype
HTT function, gain of toxic mutant HTT function, and mutant H7TT RNA toxicity.
However, the mechanisms through which pathology develops are still largely ambigu-
ous. Given the widespread involvement of HT'T in cellular processes, next generation
DNA sequencing technologies offer a rich opportunity to explore genome-wide effects
of the HD mutation and may help answer mechanistic questions.

The application of many next generation DNA sequencing methods is a new luxury
for researchers. DNA sequencing methods have undergone a rapid technical evolution
which has accelerated the financial feasibility of applying DNA sequencing involved
methods on a routine basis. In this thesis, two high throughput analysis techniques,
RNA-Seq and ChIP-Seq, were applied to Huntington’s disease models to better under-
stand disease mechanisms, and a third high throughput analysis technique, Ribo-Seq,
was optimized for future HD studies. ‘

RNA-Seq on Huntington’s disease model mice and their wildtype littermates
demonstrated extensive and progressive dysregulation of the transcriptome in HD
striatum and cortex, with most of the affected genes having a lower steady state
expression in mutant tissues. ChIP-Seq with an antibody against trimethylated-
Histone3-Lysine4 (H3K4Me3) demonstrated both a general reduction of H3K4me3
levels and a unique histone profile at the promoters of HD downregulated genes.
Analysis of RNA-Seq results for splicing changes showed that mutant HT'T itself is
mis-spliced. This mis-splicing product is translated into a small, pathogenic HTT
fragment which may have considerable implications for HD therapeutic design.
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In addition to CNS degeneration, severe muscle dysfunction is an early clinical
observation in HD and many CAG repeat expansion disorders. Proper muscle form
and function is dependent on an extensive alternative splicing program. Thus RNA-
Seq data on muscle tissue from mouse models of several CAG expansion disorders was
examined for genome-wide splicing alterations. Widespread mis-splicing was detected
in the muscle of both Spinocerebellar ataxia 7 and Huntington’s disease mouse models
and minor splicing dysregulation was detected in Spinal-bulbar muscular atrophy.

Lastly, methods were developed to examine translational control and mRNA local-
ization in the brain of Huntington’s disease mice. Concurrent Ribo-Seq and RNA-Seq
in diseased and wildtype animals would answer if there was altered translational con-
trol. The Ribo-Seq protocol designed in cell culture was optimized for use on brain
tissue and is ready for application in HD mouse models. Analysis of the localization of
mRNA transcripts to neuronal projections can be studied by combining fractionation
experiments with RNA-Seq. A method to prepare high quality RNA from isolated
neuronal projections was developed and is now applicable to RNA-Seq studies.

Thesis Supervisor: David Housman
Title: Virginia and D. K. Ludwig Professor for Cancer Research
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Chapter 1

Introduction to Huntington’s Disease

and Sequencing Technologies

1.1 Background of Huntington’s Disease

In 1872, George Huntington succinctly characterized a distinct choreic disorder as
being (1) accompanied by insanity, (2) hereditary, and (3) adult onset (republished
in (Huntington, 2003)). This choreic disorder soon came to bear his name as Hunt-
ington’s disease (HD). Over time, a comprehensive understanding of symptoms was
established. In addition to the impaired motor control characteristic of the disease,
individuals often suffer from both cognitive decline (loss of executive function skills)
and psychiatric disturbances (anger and depression most common), as broadly noted
by Dr. Huntington. These cognitive and psychiatric symptoms frequently precede
the involuntary choreic movements (Bates et al., 2002). In 1993, the The Hunting-
ton’s Disease Collaborative Research Group confirmed the hereditary nature of the
disease, discovering the underlying genetic cause was an expansion of a CAG repeat
in exon 1 of the Huntingtin (HT'T) gene (THDCR, 1993). This mutation is autosomal
dominant. Unaffected individuals have two HT'T alleles with a repeat length around
20 (ranging from 11-35). Individuals with one allele in which the CAG repeat has
expanded past 39, annotated as (CAG)x40, will develop HD during adulthood, whilst
those with a rare allele of (CAG).7 will have childhood onset (Bates et al., 2002).
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Once onset occurs, symptoms progressively worsen over a ~15-20 year period until
they are eventually fatal (Bates et al., 2002).

These symptoms result from severe and selective degeneration of neurons, specifi-
cally those of the striatum and motor cortex. Although it has been over 20 years since
the discovery of the causative mutation, a therapy to prevent or slow this degeneration
in patients has not been successful. The only FDA approved drug for HD is tetra-
benazine (TBZ). TBZ provides symptomatic relief for chorea through a reduction of
dopamine signaling (reviewed in (de Tommaso, 2011)). However, the balance between
improved symptoms and adverse side-effects (most alarmingly a frequent aggravation

of psychiatric symptoms) leaves HD patients with little therapeutic relief.

1.2 An Overview of the HTT Gene and Encoded
HTT Protein

HTT is essential for mammalian development (Zeitlin et al., 1995). However, an
individual with only one functional copy of HTT (a null mutation in the second
allele) had no abnormal phenotype, demonstrating a depletion of normal HT'T is well
tolerated (Ambrose et al., 1994). The HTT gene encodes Huntingtin (HTT), a ~350
KDa protein that is expressed ubiquitously with elevated levels found in the brain
and testes (Strong et al., 1993; Li et al., 1993). The CAG trinucleotide codes for
the amino acid glutamine. The stretch of glutamines encoded by the CAG repeat is

commonly referred to as 'polyQ’.

1.2.1 The Structure of HTT

HTT homologues have been characterized across vertebrates and are highly conserved
(Schmitt et al., 1995; Lin et al., 1994; Matsuyama et al., 2000; Baxendale ct al., 1995).
All vertebrate huntingtin proteins contain a polyQx4 but the polyQ is only subject to
large expansions and contractions in humans. Increased polyQ length correlates with

organismal complexity (Tartari et al., 2008) and seems especially important in neu-
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rons, as deletion of the polyQ in mice results in a neurological phenotype (Clabough
& Zeitlin, 2006). Non-pathogenic polyQ tracts have a disputed structure; a prevail-
ing theory is that this region is disordered in an unbound state yet adopts a fnore
defined structure upon interaction with binding partners (Schaefer et al., 2012; Caron
et al., 2013). In higher vertebrates, a polyproline (polyP) tract immediately follows
the polyQ. The polyP enhances protein solubility and influences post-translational
modifications of the first 17 residues of HTT (Steffan et al., 2004). Another well
conserved feature of HTT is a group of three functional clusters of HEAT repeats.
HEAT repeats form bi-helical structures that assemble into rod-like super domains.
The super domains act as scaffolds for many cellular interactions (Andrade & Bork,
1995). The polyQ, polyP, and the HEAT repeat regions all play a role in meditating
a diverse set of binding interactions (Qin et al., 2004; Schaefer et al., 2012; Harjes &
Wanker, 2003; Li & Li, 2004; Andrade & Bork, 1995; Neuwald & Hirano, 2000).

The ’N17’ region comprises the first 17 residues of HT'T; these residues immedi-
ately precede the polyglutamine region and are also strongly conserved in vertebrates
(Tartari et al., 2008). N17 has many characterized functions. It forms an amphipathic
a-helical structure that is important for localizing HTT to membranes (Atwal et al.,
2007), interacts with the nuclear pore to facilitate export into the cytoplasm (Cornett
et al., 2005), and at least partially regulates HT'T turnover when covalently modified
(Kalchman et al., 1996; Jana et al., 2005; Steffan et al., 2004).

Even though HTT is composed of >3,000 amino acids, the N17, polyQ, polyP,
(which are all located in exon 1) and HEAT repeats are the only well characterized
domains. It is important to note that there are many sites for post-translational
modification and cleavage throughout the length of HTT (reviewed in (Cattaneo
et al., 2005)), an active C-terminal nuclear export signal, and a more ambiguous

nuclear localization signal in the N-terminus (but downstream of exon 1) (Atwal

et al., 2007; Xia et al., 2003).
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1.2.2 The Function of HTT

Two cellular roles of HT'T have been well established: transcriptional regulation
and vesicle/organelle transport. HTT exerts most of its transcriptional regulation
indirectly. For example, HI'T sequesters Repressor Element-1 Silencing Transcrip-
tion Factor/Neuron-Restrictive Silencer Factor (REST/NRSF) outside of the nucleus
(Zuccato et al., 2003; Zuccato & Cattaneo, 2007). In the absence of HTT, REST
translocates into the nucleus and represses transcription of important neuronal genes,
including Brain Derived Neurotrophic Factor (BDNF'). BDNF, as its name implies,
is an important support protein for the brain in general (Binder & Scharfman, 2004;
Huang & Reichardt, 2001). Medium spiny neurons (MSNs), which largely compose
the striatum, are particularly dependent on BDNF for proper development (Ivkovic
et al., 1997), survival (Baquet et al., 2004; Duan et al., 2003; Widmer & Hefti, 1994,
Nakao et al., 1995; Ventimiglia et al., 1995), and differentiation (Mizuno et al., 1994;
Widmer & Hefti, 1994; Ventimiglia et al., 1995). An appreciable amount of BDNF
is not synthesized within striatal cells; cortical afferents reaching the striatum are
the main source of the precious neurotrophin (Altar et al., 1997). Loss of wildtype
HT'T leads to RES'I-mediated repression of BDNF transcription in the cortex, and

subsequently a reduction of BDNF protein in the striatum.

HTT, especially N-terminal fragments, can translocate into the nucleus and di-
rectly interact with chromatin as well. ChIP experiments on mouse models and
postmortem human tissue showed HTT physically present at gene promoters, as well
as intronic and intergenic regions (Benn et al., 2008b). In vitro experiments demon-
strated HTT directly binds DNA, altering its conformation and likely influencing
transcription factor binding (Benn et al., 2008b).

The other well studied role of HTT is in the transport of vesicles and organelles.
HTT interacts with the HAP1-p150%"¢d motor complex (Engelender et al., 1997; Li
et al., 1998), facilitating dynein/dynactin-mediated vesicle and organelle transport
along microtubules (Gunawardena et al., 2003; Caviston et al., 2007). This process

is especially critical for transport of the vesicles containing BDNF from the cortex to
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the striatum (Gauthier et al., 2004).

In addition to localization in the nucleus and along microtubules, HT'T is present
at both the ER and plasma membrane (Kegel et al., 2005; Atwal et al., 2007), but its
membrane-associated functions are not well understood. Given HTT’s multitude of
binding partners, diverse cellular localization, and ubiquitous expression, many cast
HTT as a general scaffolding protein for many cellular processes that has adapted

important neuronal functions in higher eukaryotes.

1.3 Roots of Pathology

How the trinucelotide expansion in the coding sequence of HT'T induces pathology
has been a central question since 1993. The only difference in the resulting protein
would be additional glutamines at the N-terminus. This could reduce the ability of
the mutant protein to perform critical functions, especially functions in the brain. Or
the additional glutamines could confer new properties to the mutant HT'T protein,
which given its diverse localization and binding, could affect many cellular processes.
There is the distinct possibility that the mutation could cause pathology before the
protein level, with the DNA/RNA CAG expansion influencing toxicity directly. Cur-
rent evidence suggests that all such possibilities contribute to HD pathology, with
the strongest influence coming from toxic new properties of the expanded repeat pro-
tein; while the consequences of these toxic new properties are well documented, the

mechanisms remain elusive.

1.3.1 Loss-of-Function of Normal HTT

The strongest evidence against loss-of-function driven pathology is the phenotype
of people with only one HTT allele. Individuals with Wolf-Hirschhorn syndrome
have a chromosome 4 deletion that includes HT'T, yet do not develop HD (Gottfried
et al., 1981). And, as mentioned before, an individual with only one functional HTT
allele due to a balanced translocation is also free from this fully penetrant disease

(Ambrose et al., 1994). Individuals who are homozygous for the expanded HD allele
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have a normal age of onset with only mild, if any, acceleration of disease progression
(Myers et al., 1989; Squitieri, 2003; Wexler et al., 1987), which considered with the
fact that HT'T null is embryonic lethal, suggests that mutant HTT retains enough
normal function that cellular distress does not manifest until early adulthood.

Even though a 50% reduction in HT'T does not lead to HD, it is possible that
loss of wildtype HTT still contributes to HD pathogenesis. In both human and HD
mouse models, some of wildtype HTT is sequestered into aggregates formed by mu-
tant HTT (Busch, 2003; Dyer & McMurray, 2001). Indeed, there have been many
observations that normal function is disrupted. This includes increased REST lo-
calization in the nucleus, decreased transcription of the BDNF gene, and decreased
transport of BDNF protein (Zuccato et al., 2003). A mouse model of selective BDNF
depletion in the cortex strikingly recapitulates many phenotypic aspects of HD mouse
models and of HD patients (Strand et al., 2007; Baquet et al., 2004). Therapeutic
targeting of BDNF' levels has shown promise in an HD mouse model as well (Duan
et al., 2008). Later studies though, showed that REST was upregulated by mutant
HTT through the transcription factor Spl (Ravache et al., 2010), suggesting REST
mediated repression is a combination of loss-of-function and gain-of-function effects.
Studies in mice demonstrate that the pattern of transcriptional dysregulation is con-
served across models with varying wildtype Htt dosage, further supporting the notion
that wildtype Htt may play a smaller role in transcriptional dysregulation than first
believed (Seredenina & Luthi-Carter, 2012).

To summarize, loss of wildtype HT'T function is not a driver of the HD phenotype,
but likely reduces a cell’s ability to endure the stress of mutant HTT.

1.3.2 Gain-of-Function of Mutant HTT

It widely believed that much of pathology is driven by a toxic gain of function by
mutant HTT. Clearance of mutant protein, through increased autophagy (Ravikumar
et al., 2002, 2004), largely relieves the HD phenotype. Hence the bulk of research
has focused on how mutant HTT disrupts cellular processes. While this research

is extensive, I will highlight three main areas that are most relevant to this thesis:
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aggregation of mutant HT'T, transcriptional dysregulation, and mitochondrial defects.

One of the hallmarks of HD pathology is the formation of intranuclear and cyto-
plasmic aggregates (Difiglia, 1997). The expanded polyglutamines of HTT seem to
transition from a disordered structure to a 8-strand organization (Poirier, 2005) with
a propensity to aggregate; this is true of the eight other polyglutamine containing
proteins that underlie the other CAG expansion disorders as well. Initially it was hy-
pothesized that HT'T aggregates drive pathology by sequestering important proteins
and / or burdening the cell’s system for handling misfolded proteins. Indeed, aggre-
gates sequester many proteins (Suhr et al., 2001) and efforts were taken to develop
therapeutics to clear aggregates (Muchowski et al., 2000; Sittler et al., 2001). But
aggregates were viewed with a new perspective starting in 2004 when Arraste et al.
published the first evidence of inclusions being protective and HTT oligomers driving
pathology (Arrasate et al., 2004). In addition to oligomers, soluble HTT has many
aberrant interactions with other proteins (Li & Li, 2004; Culver et al., 2012). Now
many in the field perceive aggregates as the cell’s way of preventing soluble mutant
HTT from wreaking havoc. While aggregates may cause a degree of cellular stress,

they seem to prevent oligomers from causing considerably more.

Experts agree that transcriptional dysregulation is a severe and central patholog-
ical program in HD brain, with the vast majority of affected genes downregulated.
However, the cause of dysregulation remains an unfinished puzzle with many dis-
parate pieces. There is likely some contribution to transcriptional dysregulation, as
mentioned above, by loss of wildtype HTT. Models comparing mutant huntingtin
with nearly complete nuclear or nearly complete cytoplasmic localization suggest the
brunt of toxicity results from nuclear accumulation of mutant HT'T and as an exten-
sion, the effect of mutant HTT on transcription (Schilling, 2004; Peters et al., 1999;
Gu et al., 2015). There have been 15 transcription factors identified in mutant HTT
aggregates and over 10 more whose activities are altered in disease models, although
some altered activities seem to be context dependent (reviewed in (Seredenina &
Luthi-Carter, 2012)). These transcription factors have both repressor and activator

functions. Also, mutant HTT can directly bind DNA, recognizing more sequences
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than wildtype HTT and is found associated with distinct promoters both in mouse
models and patient tissue (Benn et al., 2008b). Given these many leads for how the
presence of a mutant HTT allele affect transcription, it is striking that the result
is an overwhelming repressive program. This program largely targets genes that are
selectively expressed in neurons or have functions especially critical in neurons (Cha,
2007; Zuccato & Cattaneo, 2007). Chapter two of this thesis describes our efforts to
explore chromatin structure as a possible unifying feature of downregulated genes.
Mitochondrial dysfunction is another critical feature of HD. Early evidence showed
a decrease in the activity of several respiratory chain enzymes in human HD post-
mortem striatum (Gu et al., 1996). Since then, many mitochondrial defects have been
noted. Cell lines established from the peripheral tissue (peripheral blood mononu-
clear cells, skin, and muscle) of HD patients exhibit structural disorganization of
the matrix and cristae, a drastic enlargement of mitochondria, a reduced mitochon-
drial membrane potential (Squitieri et al., 2006, 2010), and an inverse relationship
between polyQ length and ATP levels (Seong et al., 2005). A mouse model of HD
shows increased mitochondrial glutathione levels, a compensatory mechanism to re-
duce reactive oxygen species in defective mitochondria (Choo et al., 2005). In murine
primary striatal neurons, mutant Htt impairs transport of mitochondria along neu-
ronal projections (Orr et al., 2008). More recently, reduced mitochondria number was
observed in human HD postmortem striatum as well as downregﬁlation of the energy
metabolism regulator PGC-1a (Kim et al., 2010). The sum of the aforementioned
effects leave the mitochondria in HD severely compromised and is considered a driver

of pathology.

1.3.3 Mutant HTT RNA Toxicity

The role of pathogenic RNA in neurodegenerative disease has been more appreci-
ated in the last decade and is reviewed in (Ranum & Day, 2004; Li & Bonini, 2010).
The possibility of an RNA contribution to HD pathogenesis has gained more trac-
tion in recent years despite being first noted in 1996 by McLaughlin et al., who

identified abnormal interactions between CAG RNA repeats and proteins from brain
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lysate (McLaughlin et al., 1996). This alternative mechanism was more thoroughly
interrogated in 2011, when DeMezer et al. reported that mutant HTT CAG RNA
adopts a hairpin structure and forms intranuclear foci which potentially sequester
RNA-binding proteins (de Mezer et al., 2011), similar to the pathogenic mechanism
in myotonic dystrophy (Mankodi, 2001). However, there has not been a rigorous ex-
amination of proteins that bind the expanded CAG RNA nor the consequence of said
binding.

In 2012, Banez-Coronel et al. investigated another mechanism of RNA toxicity.
Prompted by studies showing triplet-repeat derived small RNAs (Krol et al., 2007;
Yu et al., 2011), Banez-Coronel et al. investigated the presence and toxicity of small
RNAs derived from the HTT CAG repeat (Bafiez-Coronel et al., 2012). They did
identify small CAG-repeated RNAs (SCAGs) in human HD postmortem brain and
demonstrated a repeat-length correlation with cell death in a human neuronal cell line.
However, further research is needed to demonstrate their results cannot be attributed
to RAN translation of their constructs (these were mutated to not be canonically
translated) (Zu et al., 2011) and address the mechanism of toxicity mediated by the
sCAGs.

1.4 Experimental Models of HD

The completely genetic basis of HD has afforded the research community the ability
to generate many relevant models. The bulk of this thesis will focus on mouse HD
models, which can be grouped according to the nature of their HD mutation: N-
terminal transgenic, full-length transgenic, and knock-in.

N-terminal transgenics express a human HTT fragment that was inserted at ran-
dom into the genome. In general, these models exhibit the most aggressive HD-like
phenotype amongst mouse models, with striking motor abnormalities and a short-
ened lifespan (Crook & Housman, 2011). The R6/2 mice studied in chapters 2 and
4 express a HTT exon l-intron 1 fragment at a level similar to the two endogenous

mouse Htt genes (Mangiarini et al., 1996). While the rapid disease onset of these
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animals is not reminiscent of an adult onset disorder, they do offer a transcriptional
profile most similar to that of human HD postmortem tissue (Scappini et al., 2007).

Full-length transgenics, such as the YAC128 we study in chapter 3, express the
entire human HTT gene. They display an HD-like phenotype similar to the N-
terminal transgenics but with delayed onset and slower manifestation (Slow et al.,
2003).

A series of knock-in lines were created that carry an expansion of the CAG repeat
in the endogenous mouse Htt gene. Some lines have only the repeat expanded while
some are chimeric for mouse/human sequence around the CAG locus. HD knock-
ins have more mild motor symptoms, exhibit pathology much later than transgenics,
and have a normal lifespan (Crook & Housman, 2011). We examine many of these
knock-in models in chapter 3 in order to understand the effect of repeat length on a
mis-splicing event.

We also utilize a Drosophila model of HD in chapter 2. The Drosophila huntingtin
homologue is poorly conserved and lacks a polyQ domain (Li et al., 1999). However,
expression of pathogenic CAG repeats in Drosophila causes progressive, ’adult onset’
neuropathology, loss of motor function, and reduced life-span (Marsh et al., 2003).
The Drosophila model is particularly useful as a rapid system to evaluate phenotype

enhancers and suppressors.

1.5 A Review of Applied Sequencing Technologies

While we have a rich understanding of the consequences of loss of wildtype HTT
function, gain of toxic mutant HT'T function, and mutant HT'T RNA toxicity, the
mechanisms through which pathology develops are still largely ambiguous. Given the
widespread involvement of HTT in cellular processes, next generation DNA sequenc-
ing technologies offer a rich opportunity to explore genome-wide effects of the HD
mutation and may help us answer mechanistic questions.

The application of many next generation DNA sequencing methods is a new luxury

for researchers. The sequencing of the late 90s and early 2000s relied on a Sanger-
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based method, also know as ’first generation’ sequencing. The resulting data was
exciting and we owe the first human genome sequence to Sanger sequencing. During
the years that Sanger sequencing dominated biology, the related sequencing costs
followed a Moore’s Law prediction in which they decreased exponentially, as seen
from Figure 1-1, from years 2001 to 2008. In 2008, sequencing centers transitioned
from Sanger-based methods to several 'next generation’ technologies. The shift in
technology largely involved the ability to sequence in a massively parallel fashion, as
DNA molecules were assessed through imaging and optics rather than electrophoresis.
The rapid evolution of next-generation methods accelerated the financial feasibility
of sequencing; to illustrate, the cost of sequencing a human genome has fallen from
~$3,000,000 ($102/Mb) in January 2008 to ~$4,200 ($0.05/Mb) in 2015 (KA, 2015).

As the use of routine sequencing became more realistic, many techniques that ex-
amine cells on a genome-wide level evolved. Three of them that are relevant for this
thesis are RNA isolation and cDNA sequencing (RNA-Seq), Chromatin immunopre-
cipitation and sequencing (ChIP-Seq), and Ribosome profiling and cDNA sequencing
(Ribo-Seq).

1.5.1 RNA-Seq

RNA-Seq is a method to assay the transcriptome. Prior to the advancements in
DNA sequencing, much of transcriptomics data was generated by microarrays. In
this process, DNA sequences from known transcripts are bound to a slide. Labelled
cDNAs of interest are hybridized to immobilized DNA sequences and then unbound
c¢DNA is washed away. Signal from bound molecules can be quantitated to estimate
the amount of cDNAs. The microarray technology was important across the field of
biology for understanding mRNA expression on a global level. In HD, microarray
studies identified key repressed genes and established the severity of transcriptional
dysregulation (Hodges et al., 2006; Scappini et al., 2007; Luthi-Carter et al., 2002;
Cha, 2000). While yielding many critical insights, the utility of microarrays was
limited by cross-hybridization of probes, poor dynamic range, and the necessity of a

prior knowledge of transcripts for which to probe.
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Soon after the transition to next-generation sequencing, RNA-Seq was developed
as the method of choice to study transcriptomes. RNA is isolated from cells of interest.
mRNA is selected for and transcribed into cDNA. ¢cDNA libraries are prepared and
sequenced. The resulting reads are mapped to the genome and illustrate the relative
amount of starting material for most transcripts in the cells studied. RNA-Seq offers
lower background noise, a larger dynamic range (10° vs 10?), and higher technical
reproducibility than microarrays (Marioni et al., 2008; Wang et al., 2009). In addition
to expression levels, reads from RNA-Seq provide information on splicing events.
RNA-Seq methods can also be adapted to study small RNA populations instead of
mRNA and findings from these studies have been interesting in the context of HD
(Hoss et al., 2014).

Bioinformatic options for analyzing the abundance of data generated from deep
sequencing studies have expanded in parallel with improved sequencing capabilities.
For all of our experiments we utilize the Bowtie small read aligner to map sequenc-
ing reads to the proper genome. Bowtie is a highly efficient alignment tool, both
in time and memory, without compromised accuracy for short reads (Shang et al.,
2014). Initially we also mapped to a custom made database for splice junctions, cre-
ated from UCSC genome browser to correspond to read lengths being analyzed. We
have since transitioned to using Tophat in conjunction with Bowtie to include splice
junction mapping. When calling differential expression, we only consider reads map-
ping to constitutive exons in order to separate changes in splicing from changes in
expression levels. We use the R package DESeq to call differential expression. DESeq
assumes read count distribution follows a negative binomial model. It scales libraries
by the highly recommended Trimmed Mean of M values normalization method (Dil-
lies et al., 2013) and uses the Benjamini-Hochberg procedure to control the False
Discovery Rate. In comparison betweeh eight different software packages, DESeq was
recommended as among the two safest choices in regards to consistency and false
discovery (Seyednasrollah et al., 2015). While DESeq uses raw counts in analysis, we
display our results as Reads Per Kilobase of exon per Million Mapped reads. This

is an alternative normalization method that is more intuitive for understanding the
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abundance of a transcript, regardless of length. The relationship between RPKMs
and transcript level varies by the RNA content of the cells analyzed, but an esti-
mate is ~5 RPKMs for one transcript per cell (Mortazavi et al., 2008). We analyze
splicing separately from expression using the MISO software package. MISO analyzes
alternative splicing events as a Bayesian inference problem. We developed our own
pipeline for determining differential splicing from MISO output as there was not a

well-established method incorporating biological replicates.

1.5.2 ChIP-Seq

The increase in sequencing capabilities has not only helped us better understand
the transcriptome, but also the proteins that interact with the transcriptome. Many
proteins, such as transcription factors and histones, associate with DNA to regulate
expression of nearby genes. In order to understand how a particular factor influences
the transcriptome, one can cross-link DNA to associated proteins (this preserves their
interaction during downstream manipulation) and immunoprecipitate the protein of
interest with the proper antibody. Any DNA associated with the protein of interest
will also be isolated, and these DNAs can then be prepared for sequencing and mapped
to the genome; the result is a genome-wide map of where the protein of interest may

be influencing gene expression (Johnson et al., 2007).

The ChIP-Seq method has been particularly informative for understanding how
histone modifications affect transcriptional regulation. We now appreciate that his-
tone modifications are integral for organizing chromatin structure to be more or less
favorable to transcriptional activation or elongation (Strahl & Allis, 2000). The ex-
tensive influence of histone modifications, and particularly the consequence when this
influence is disrupted, has been the focus of many disease related studies (Bernstein
et al., 2007). We explore Huntington’s disease relevance in chapter 2, utilizing ChIP-
Seq to explore how a specific modification, trimethylation of Histone3-Lysine4, may

affect the dysregulation of the HD transcriptome.
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1.5.3 Ribo-Seq

In 1988, Wolin and Walter demonstrated ~30 base fragments of mRNA are protected
from RNase digestion by active eukaryotic ribosomes (S L. Wolin, 1988). Twenty years
later Ignolia et al. combined this concept with the emerging RNA-Seq technology to
show that one could identify all of the transcripts in a population of yeast cells that
were being actively translated at the time of harvest (Ingolia et al., 2009). Since then,
this aptly named protocol of Ribo-Seq has yielded insights into general eukaryotic
translational regulation (Spriggs & Bushell, 2010; Guo et al., 2010a; Gerashchenko
et al., 2012) as well as how translational regulation may be disrupted in disease (Katz
et al., 2014). In chapter 5, we discuss our efforts to optimize this protocol for use in

studying translational regulation in our HD mouse models.

1.6 Thesis Overview

Chapter two describes the use of concurrent RNA-Seq and ChIP-Seq to better under-
stand the initiation, progression, and extent of transcriptional dysregulation occurring
in the R6/2 transgenic mouse model of HD.

Chapter three demonstrates that the smallest mutant HTT protein fragments
found in postmortem human brain and HD knock-in mouse brain are the result of
mis-splicing of mutant HTT mRNA. Using an adapted RNA-Seq protocol, we were
able to visualize and quantify this mis-splicing event. We present a model describing
how HTT mRNA with an expanded repeat in exon 1 disrupts Ul protection of a
cryptic polyA signal in HTT intron 1; as a result, about 15% of HTT transcripts
are not spliced at the 5 splice site of intron 1. These transcripts are cleaved, poly-
adenylated, and translated. The resulting protein fragment is highly pathogenic.

Chapter four examines a common pathological feature of several CAG repeat
disorders: extreme muscle atrophy. Muscle from mouse models of Huntington’s dis-
ease (HD), Spinocerebellar ataxia 7 (SCA7), and Spinal-bulbar muscular atrophy
(SBMA) were analyzed through RNA-Seq, with an analytical emphasis on global

splicing changes. The alternative splicing program in the HD and SCA7 muscle sam-
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ples was largely perturbed, with many common splicing events affected. Mis-splicing
in SBMA was markedly less severe, but was rescued with peripheral knockdown of
the causative mutation.

Chapter five summarizes insights we have learned from our deep sequencing analy-
ses. We highlight several experiments that would continue our work in applying these
new sequencing technologies to better characterize the mechanisms of HD pathology.
Of note, we propose to use fractionation and RNA-Seq to assess if RNA localization

is altered in HD and concurrent RNA- and Ribo-Seq to determine if translational

efficiency is altered in HD.

1.7 Figures

Cost of Sequencing a Mb
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Figure 1-1: Cost of sequencing a Mb of DNA over the years. Graph was plotted with
data from (KA, 2015).

35



36



Chapter 2

Transcriptional and Epigenetic
Dysregulation in the R6/2 Transgenic
HD Mouse Model

This chapter was adapted from (Vashishtha et al., 2013). I contributed to mouse
handling, experimental design, isolation of RNA, preparation and analysis of libraries,
analysis of RNA-Seq data, figure preparation, and manuscript text.

This work was supported by the National Institute of Health, the Cure Hunting-
ton’s Disease Initiative, the Huntington’s Disease Society of America, the Hereditary
Disease Foundation, the National Cancer Institute, the National Science Foundation,

and the Johns Hopkins Center Without Walls for Huntington’s Disease.

2.1 Introduction

As mentioned in chapter 1, microarray studies demonstrated progressive transcrip-
tional dysregulation in both cortex and striatum as a characteristic feature of HD
(Cha, 2007). Transcriptional repression of key neuronal transcripts, including neu-
rotransmitters, growth factors, and their cognate receptors, is consistently observed
and implicated in disease pathogenesis. Among the critical genes whose expression

is repressed in HD mouse models and human brain tissue are the dopamine receptor
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2 (Drd2), preproenkephalin (Penkl!), the cannabinoid receptor (Cb2), and brain-
derived neurotrophic factor (Bdnf) (Cha, 2007; Zuccato & Cattaneo, 2007). To more
deeply understand transcriptional dysregulation, we performed RNA-Seq on affected
brain regions in a mouse model of HD.

We chose the R6,/2 mouse model for our study because these mice show patterns
of transcriptional dysregulation similar to postmortem HD brain (Hodges et al., 2006;
Scappini et al., 2007). The R6,/2 animals show a rapidly progressing HD-like pheno-
type of balance, coordination, and spatial memory deficits, with symptoms developing
around «5-6 weeks (Mangiarini et al., 1996). This phenotype becomes extreme at 14

weeks at which time we must euthanize the animals.

2.2 Dysregulation in Striatum and Cortex

We performed RNA-Seq experiments on the striatum and cortex of R6/2 mice and
their wildtype littermates. RNA-Seq data was gathered at two time points, early (8
weeks) and late (12 weeks) in disease progression. We used the R package 'DESeq’
to identify genes that were significantly differentially expressed between wildtype
and mutant animals for each of the four datasets (Appendix A Tables 1-4). These
genes had logy(fold difference) > 0.5, residual variance < 10, and FDR < 0.1. We first
checked ’canonically’ HD dysregulated genes as identified by microarrays in late stage
of disease progression (Seredenina & Luthi-Carter, 2012) and found these dysregulated
in our 12wk datasets (Figure 2-1). Our results also confirmed early and progressive
transcriptional dysregulation, as demonstrated in Figure 2-2 where gene expression

is plotted for all dysregulated genes.

2.2.1 Novel Insights from RNA-Seq Data

Our RNA-Seq data revealed new HD transcriptional insights. Most intriguingly,
upregulated genes in mutant animals were found to be significantly enriched for viral
(interferon 1) induced genes (striatum p=1.3e-2, cortex p=2.9e-9, Figure 2-3). Many

of these genes are lowly expressed and would be difficult to detect with microarrays.
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This signature is found in SCA7 mouse models as well (Chort et al., 2013), suggesting
a possibility that the RNA hairpins formed from the CAG repeat may trigger the viral
dsRNA response. In the future, it would be interesting to explore publicly available
datasets from other neurodegenerative disorders to see if interferon 1 upregulation is
unique to CAG disorders. i

Another new insight our data yielded was additional dysreguation to the RGS
family. Genes Rgs2, Rgs/, and Rgs9 have been implicated in HD (Seredenina et al.,
2011; Seredenina & Luthi-Carter, 2012), which we confirm in our datasets. We find
Rgs-2, -4, -9, -13, -14, and -19 dysregulated in 12wk HD striatum and Rgs-4, -8, -9,
-11, -13, -14, -16, and -20 dysregulated in 12wk HD cortex. These genes have been
implicated in schizophrenia, depression, and anxiety (Rivero et al., 2013; Lifschytz
et al., 2012), as well as motor deficits in parkinson’s disease (Lerner & Kreitzer,
2012), and have been shown to be important for synaptic plasticity (Vellano et al.,
2011) and neuronal differentiation (Sharma et al., 2011). Given the more extensive
dysregulation we detected with this family of genes, a closer look at their potential

role in HD and transcriptional regulators of this specific family is warranted.

2.2.2 (Gene Signature for Therapeutic Studies

One metric to see therapeutic improvement would be reversal of an HD gene signature.
We selected genes from our dysregulated gene signature set that would be ideal for
this metric. We focused on downregulated genes because upregulated genes tend to
be lower abundance and largely associated with an inflammation signature which may
be confounded by many therapies. In order to find 'robust’ genes, we required the
average RPKM across all animals to be >10, have a fold change > 2, and have a
coefficient of variation < 0.3 (selected genes are listed in Appendix Tables A5&6).
Plotted in Figure 2-4 are the cumulative density distributions of the gene signatures
for wildtype and R6/2 animals. A Kolmogorov-Smirnov test demonstrates that the
distribution of the signature genes is significantly different between the genotypes.
The same significance test can be performed for data from therapeutically treated

animals to determine transcriptional rescue.
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2.3 Epigenetic Influence on Transcriptional Dysreg-

ulation

We hypothesized that a central event in the pathological program underlying tran-
scriptional dysregulation includes alterations in chromatin structure in the regula-
tory regions of genes downregulated in HD. To evaluate this hypothesis, we focused
on H3K4 trimethylation (H3K4me3), a mark of transcription start sites (T'SSs) and
active chromatin (Bernstein et al., 2002; Santos-Rosa et al., 2002; Kim et al., 2005).
Growing evidence suggests that this mark is plastic and modulated in conditions of
chronic stress, developmental disorders, and psychiatric disorders (Hunter et al., 2009;
Tsankova et al., 2006; Jiang et al., 2008) as well as during long-term memory consol-
idation from contextual fear conditioning (Gupta et al., 2010), suggesting a critical

function in brain.

2.3.1 H3K4 Trimethylation Changes at Dysregulated Promot-
ers in HD Model Mice and Human HD

Using chromatin immunoprecipitation (ChIP), we examined H3K4me3 levels for Bdnf,
which, as mentioned in chapter 1, is expressed in the cortex, provides trophic support
for GABAergic medium spiny neurons, and is expressed at lower levels in HD (Zuc-
cato & Cattaneo, 2007; Zuccato et al., 2001). Initial experiments focused on H3K4
trimethylation levels at the Bdnf locus in the R6/2 mouse. The mouse Bdnf gene
has eight 5’ exons that each contain a separate promoter and one 3’ exon coding for
the mature protein (Figure 2-5A) (Aid et al., 2007). Transcription from both exon II
and IV is reduced in cortex from R6/2 mice as well as in human HD brain (Zuccato
et al., 2008).

To examine if Bdnf expression correlated with H3K4me3 occupancy, ChIP was
used to quantify H3K4me3 at Bdnf promoters II-IV and the coding region (IX) in
cortices from 12wk old R6/2 mice and littermate controls. H3K4me3 was reduced

by nearly one-half at Bdnf promoter 11 (Figure 2-5B). H3k4me3 was nearly absent
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upstream of the REST binding site in promoter II and within the coding exon of
the Bdnf gene (Figure 2-5C), consistent with other reports (Bernstein et al., 2002;
Santos-Rosa et al., 2002). These results suggest that reduced transcription could be
a consequence of changes in chromatin structure at the Bdnf locus, specifically a

reduction in H3K4me3.

Reduction in H3K4me3 occupancy at exon II was observed during symptomatic
stages of disease at 8 and 12wks but not in presymptomatic 4wk old mice (Figure
2-5D). Similar results were obtained for cortical and striatal Penk! and striatal Drd2
loci (Figure 2-5E&F). In contrast, genes with expression levels that are unchanged,
such as Atp5b, Rpll3a, and Lin7c, are not altered in H3K4me3 levels (Figure 2-
5E). Western blots confirmed that the changes in H3K4me3 were gene-specific and
not the result of a change in bulk H3K4me3 levels in cortices or striata (Appendix
Figure A-1). The H3K4me3 mark is specifically decreased at the downregulated
genes that we tested. For example, we saw no disease-specific differences in the levels
of H3K36me3 occupancy, which also marks actively transcribed genes, within the
coding regions of Bdnf and Penkl in the cortex or Penkl and Drd2 in the striatum
(Appendix Figure A-2).

We next extended our studies of H3K4me3 occupancy to human HD brain. Hu-
man HD postmortem brain can be classified based on neuropathological abnormal-
ities. The brains are graded 0-4, with 0 being no discernible abnormalities and 4
extreme neuropathological changes. This grading scale closely correlates with clini-
cal assessments at the time of death (Vonsattel et al., 1985). Levels of BDNF and
synaptophysin (SYP) RNA in the superior frontal gyrus (SFG - a region of the cor-
tex) and DRD2 and PENK1 RNA in the caudate (a region of the striatum) were
significantly lower in the grade 3 samples and trended toward decreased expression in
grade 2 samples (Figure 2-6A&B). Expression of a control gene, ATP5B, was not sig-
nificantly altered as expected. H3K4me3 occupancy was significantly lower at BDNF
exon II and PENK1 and SYP promoters but unaltered at BDNF exon IV and the
ATP5B promoters in the SFG grade 3 samples (Figure 2-6C). For caudate, H3K4me3
levels were lower at DRD2, PENK1, and SYP promoters in grade 2 samples and re-
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duced even further at DRD2 and PENK1 promoters in grade 3 samples, potentially
preceding corresponding gene expression alterations (Figure 2-6D). Taken together,
these results show that the reduction of H3K4me3 occupancy occurs at downregulated

genes in human HD brain.

2.3.2 H3K4me3 at the Bdnf TSS Is Reduced in R6/2 Mouse
Cortex by ChIP-Seq

The findings described above prompted us to examine H3K4me3 occupancy across
the genome in R6/2 and wildtype mice at 8 weeks and 12 weeks of age for both the
cortex and striatum using ChIP-sequencing (ChIP-Seq). As expected, H3K4me3 was
particularly enriched at TSSs (P value < 1e-200 for each dataset).

To relate the genome-wide studies to our PCR-based results, we analyzed H3K4me3
occupancy around the Bdnf gene, including its TSSs. The H3K4me3 mark was
present at the T'SSs of Bdnf exons I-VII and absent at the coding exon. The ChIP-
Seq data confirmed that the 12wk old R6/2 cortex showed reduced H3K4me3 levels
at the REST-regulated Bdnf exon II and within this exon, H3K4me3 occupancy was

AnvAaaon

decr €asSel Iiore €x

M
}
ot
3
T

mo1 .1 A L > NrdY
1 bilnaing (Figure 2-7).

2.3.3 Decreased H3K4me3 Occupancy Corresponds to Decreased

Gene Expression Patterns

To identify genes with significantly different levels of H3K4 trimethylation, we fo-
cused our analysis on a -3/+2-kb window around each TSS. We counted the number
of reads in each of these windows and used loess normalization to account for tech-
nical differences that might cause a systematic bias in the data between the R6/2
and wildtype mice, such as read complexity and genomic coverage. Integration of
ChIP-Seq and RNA-Seq results revealed a high degree of overlap between genes with
decreased H3K4me3 and decreased expression in R6/2 mice compared with wildtype
mice at 8 and 12 weeks in both cortex and striatum |hypergeometric P values: 8wk

cortex P = 0.01; 12wk cortex P = 7.1e-68; 8wk striatum P = 1.4e-5; 12wk striatum
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P = 4.3e-77] (Figure 2-8). Overlap of genes with differential H3K4me3 levels (a more
stringent cutoff used) and differential expression can be found here: http://www.

pnas.org/content/suppl/2013/07/19/1311323110.DCSupplemental /sd02.pdf.

2.3.4 Downregulated Genes in R6/2 Mice Are Associated with
A Specific H3K4me3 TSS Profile

Previous studies have shown that differences in the distribution of histone methyla-
tion around the TSS often distinguish classes of genes, even when these genes cannot
be separated by their expression levels (Young et al., 2011; Heintzman et al., 2007;
Pekowska et al., 2010; van Dijk et al., 2010). To investigate the H3K4me3 mark
more rigorously, we used k-means clustering to identify five predominant patterns of
H3K4me3 that occur in both wildtype and R6/2 mice (Figure 2-9A&B). Strikingly,
there is a specific H3K4me3 profile in wildtype mice marking a very large fraction
of genes that will be downregulated in the presence of mutant HTT. In particular,
genes downregulated in R6/2 are very likely to be members of a particular cluster
that we label as class 1, which has a broad peak of H3K4me3 downstream of the TSS
in wildtype mice [P values: 12wk cortex P = 2.00e-59; 8wk cortex P = 1.12e-16; 12wk
striatum P = 8.05e-38; 8wk striatum P = 1.82e- 9] (Figure 2-9C&D). This association
strengthens from 8 to 12 weeks of age as R6/2 mice progress through the HD patho-
logical program. Interestingly, genes in class 1 are enriched in GO biological processes
critical for neuronal functions, such as signal transduction, G protein-coupled recep-
tor signaling, neurogenesis, axon guidance, learning or memory, and regulation of
transcription. It is important to note that class 1 genes show similar expression levels
to other classes (Appendix Figure A-3). Therefore, we conclude that this pattern
cannot be explained as a simple consequence of differences in transcription.
Although the class 1 H3K4me3 profile in wildtype mice is strongly associated with
downregulation of expression of the corresponding genes in R6/2 animals, it is also
important to note that, as the disease progresses, genes in the class 1 H3K4me3 group

remain in that class. They do show a decrease in the levels of H3K4me3, but this
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mark remains spread across the coding region in a profile that is distinct from other
classes. Unlike genes that were downregulated, genes that were upregulated in R6/2
mice did not show any significant association to a particular H3K4me3 TSS profile,
except for an association between upregulated genes in the 12wk R6/2 cortex and

class 4 profile (P = 1.49¢-4).

2.3.5 Potential Regulators of Differential Trimethylation

We used sequence analysis to identify potential transcriptional regulétors that could
be recruiting methyltransferases and demethylases to differentially expressed genes in
R6/2 mice. Previous studies (Heintzman et al., 2007; Shu et al., 2011) have shown
that the sites of such regulators should not be expected directly underneath the
peaks of methylation. Therefore, we determined the location of chromatin accessible
binding sites for regulatory proteins near the enriched H3K4me3 regions in wildtype
and R6/2 mice based on an empirical spatial distribution derived from DNase-Seq
and H3K4me3 ChIP-Seq data. Applying this method to our H3K4me3 data from
wildtype mice yielded a set of sequences that we searched for known DNA binding

motifs.

This analysis revealed several potential regulators that have been previously as-
sociated with HD. Genes downregulated for both expression and H3K4me3 are asso-
ciated with motifs for REST/NRSF (12wk cortex P = 2.52e-11; 12wk striatum P =
2.67e-8) and Spl binding motif (12wk cortex P = 1.55e-10; 12wk striatum P = 9.85¢-
11). Both REST (Zuccato et al., 2003) and Spl (Dunah, 2002; Li et al., 2002) have
been previously linked to HD. In addition, our motif analysis suggests other possible
regulators linked to downregulation of expression and H3K4me3, including PPAR
(reviewed in (Jin & Johnson, 2010)) and p53 (Bae et al., 2005; Steffan & Kazantsev,
2000).
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2.3.6 Knockdown of H3K4me3 Demethylase Activity Reduces
Toxicity and Modulates Mutant Htt Mediated Tran-

scriptional Dysregulation

The identification of a specific signature of histone methylation associated with mu-
tant HTT induced pathology suggested the possibility that intervention designed to
impact this methylation pattern could have significant therapeutic benefit in HD. To
explore this approach for HD, we sought a strategy to manipulate histone methylation
in a targeted manner. In mice, there are several H3K4me3 demethylases, complicat-
ing interpretable knockdown of H3K4me3 demethylase activity. However we found we
could assess whether an H3K4me3 demethylase might influence mutant HT'T patho-
genesis in vivo in Drosophila. Specifically, we analyzed the effects of partial lo’ss of
little imaginal disks (lid; CG9088), the only H3K4me3-specific demethylase (Lloret-
Llinares et al., 2008) in Drosophila. In the Drosophila model used, the first exon of
human HTT with an expanded polyglutamine domain (HTTex1p-Q93) is expressed
in all neurons, resulting in reduced viability and progressive degeneration of neu-
rons (Steffan et al., 2001). Numbers of HD flies surviving to adulthood (eclosing)
when they had reduced lid (heterozygous for the lid’%%4 loss of function allele) were
compared with HD flies homozygous for wildtype lid. We found that the number of
eclosed HT Tex1p-Q93 flies wildtype for lid was 5.3 £+ 1.5% of controls. The eclosion
ratio of HT Tex1p-Q93 flies heterozygous for lid'%?# increased to 12.4 + 2.8% (P =
0.013, t test), suggesting neuroprotection (Figure 2-10A).

Neurodegeneration was analyzed by scoring the number of intact photoreceptor
neurons in 7-d-old flies using the pseudopupil technique. When flies were reared at
22.5°C and shifted to 25°C on eclosion, the average number of rhabdomeres (light-
gathering structures of photoreceptor neurons) per ommatidium was 4.10 £ 0.07 in
HTTex1p-Q93-expressing flies with wildtype lid, whereas in HT Tex1p-(Q93-expressing
flies with heterozygous lid!%%4, the average number of rhabdomeres increased to 4.96
+ 0.16 (P = 0.0038, ¢ test) (Figure 2-10B). Levels of the HT'T transgene expression
were not affected by heterozygosity for lid (Figure 2-10C). Thus, our results indicate
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that reduced lid activity ameliorates mutant HT'T-induced phenotypes in Drosophila.

2.4 Summary and Future Directions

We find that expression of CAG-expanded HTT is strongly associated with a specific
pattern of histone methylation. Manipulation of histone methylation levels is neu-
roprotective in flies, suggesting that chromatin-modulating enzymes, including the
JARIDL1 class of demethylases, are rational targets for HD therapeutics.

Genes that decrease in expression in R6/2 mice because of the presence of a
pathological HT'T exon 1 transgene have an unusual pattern of H3K4me3, even in
wildtype animals, which spreads broadly downstream of the TSS. These data suggest
that the profile may be associated with recruitment of proteins with presence or
absence in R6/2 animals that causes transcriptional dysregulation. We propose that
this observation - genes that will be downregulated in R6/2 animals have a specific
distribution of H3K4me3, even in striatal and cortical cells of normal animals — is an
important clue to understanding the mechanistic basis of transcriptional dysregulation
in HD.

The view that the distinctive architecture of H3K4 methylation at TSSs is a
defining functional characteristic of classes of promoters is supported by observations
in a wide range of eukaryotic systems. For example, in Arabidopsis, genes with
expression patterns that are altered in response to dehydration show a pattern of
H3K4me3 at T'SSs similar to the one that we observe for downregulated HD genes, and
this pattern persists in both the dehydrated and watered state (van Dijk et al., 2010).
The H3K4me3 classes that we observe also closely resemble the clusters previously
reported for H3K4me2 in human CD4+ T cells (Shu et al., 2011). In this case, genes
with tissue-specific expression showed a broader distribution of the mark extending
into the expressed portion of the gene, suggesting that a unique chromatin signature
at specific promoters may regulate their tissue-specific expression. Finally, there is
precedence for specific classes of H3K4me3 profiles in brain that may be involved

in tissue-specific expression, because five different classes of genes were identified in
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neurons isolated from prefrontal cortex, with genes encoding proteins with neuronal

function having a similar broad distribution of H3K4me3 (Shulha, 2012).

Considering these findings in diverse species, we suggest that the observed H3K4me3
architecture reveals a fundamental property controlling expression levels, and in HD,
it determines a response to HTT exon 1 expression. One important open question
is how the pattern of H3K4me3 relates to other epigenetic features. Expression of
mutant HT'T has recently been shown to be associated with changes in DNA methy-
lation (Ng et al., 2013), and there are precedents for a connection between changes
in DNA methylation and trimethylation of H3K4 (Deaton et al., 2011; Landan et al.,
2012; Balasubramanian et al., 2012). We, therefore, propose that uncovering the
regulatory mechanisms that establish, maintain, and respond to the characteristic
epigenetic patterns at sensitive promoters, including the specific complexes formed
and cross-talk between histone modifications and DNA modifications, should give in-
sight into why these genes are particularly sensitive to the presence of mutant HTT

and may provide insights into how to restore their transcription.

A key question that our studies raise is. whether mutant HT'T exerts its effects
on downregulated promoters through a direct and preferential action with chromatin
at the site of each promoter or alternatively, mutant HT'T activates a cell signaling
pathway that impacts H3K4me3 at target sites. Understanding which of these alter-
native mechanisms underlies the phenomena that we reported here will have impact

on the strategy for additional development of therapeutic intervention for HD.

2.5 Methods

Note: All primer sequences used in the following methods can be downloaded with the
following link: http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311323110/
-/DCSupplemental/sd07.x1sx.
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2.5.1 Mouse Brain Tissue Preparation for ChIP-Seq and RNA-

Seq Experiments

At King’s College London, hemizygous R6/2 mice were bred by backcrossing R6/2
males to (CBA x C57BL/6) F1 females (B6CBAF1/0OlaHsd; Harlan Olac) and main-
tained as previously described (Labbadia et al., 2011). Their CAG repeat was ~204.
These mice were used for ChIP-PCR experiments. All experimental mice (Jackson
Laboratory) for ChIP-Seq and RNA-Seq (~120 CAG repeats) were housed five per
cage in a colony maintained on a 12h light/12h dark cycle (lights on from 0700 to
1900h) at constant temperature (23°C). Animals were provided with ad libitum access
to food and water. All animal protocols were approved by the Institutional Animal
Care and Use Committee at Massachusetts Institute of Technology and University
of California at Irvine. R6/2 and wildtype mice were killed using CO, asphyxiation,
which was followed immediately by postmortem dissection of the cortex and striatum.
Bilateral cortical or striatal tissues were pooled from one mouse and then divided into
two for RNA-Seq and ChIP-Seq experiments. Flash frozen tissues for RNA-Seq and

cross-linked tissues for ChIP-Seq were stored at -80°C for later use.

2.5.2 RNA-Seq Library Preparation and Analysis

Flash-frozen tissues were homogenized, and RNA was extracted with TRIzol Reagent
and purified with RNeasy columns (Qiagen); all samples had RNA integrity numbers
greater than seven. The RNA-Seq protocol was adapted from a previously published
protocol (Levin et al., 2010) using Invitrogen reagents unless noted otherwise. Two
rounds of Oligo d(T)25 Magnetic Beads (New England BioLabs) were used to isolate
mRNA from 1 to 3pg total RNA. Puriied mRNA was fragmented with Ambion’s
RNA Fragmentation Kit for 5min at 70°C. mRNA was then ethanol precipitated,
concentrated in 5pLL water, and premixed with 3ug random hexamers for 5min at 65°C
before chilling on ice. First-strand cDNA was synthesized as described but incubated
as follows: 10min at 25°C, 50min at 42°C, and 15min at 70°C. First-strand cDNA was

purified by phenol:chloroform:isoamyl alcohol extraction, ethanol precipitated with
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0.1 volume 3M ammonium acetate to remove dNTPs, and resuspended in 104pL H20.
Second-strand ¢cDNA was synthesized as described but incubated for 2.5h. Paired-
end libraries for Illumina sequencing were then prepared from the ¢cDNA as in a
previously published protocol (Levin et al., 2010), except that adaptor-ligated cDNA
was size-selected to 200-400 bp, and we performed PCR using Phusion High-Fidelity
(HF) DNA Polymerase with HF buffer (New England BioLabs) and 10uL Q Solution
(Qiagen). These paired-end, strand-specific cDNA libraries were then sequenced on
the Illumina Genome Analyzer (36-bp reads) or HiSEq (40-bp reads).

Reads were mapped to the mm9 genome and a database of splice junctions using
the Bowtie alignment program (Langmead et al., 2009) with setting —best -m1 -v2.
Gene expression was calculated by counting reads mapping to constitutive exons for
each gene. These raw counts were evaluated for differential expression using the
R package DESeq (Anders & Huber, 2010) with a 10% false discovery rate cutoff
and log2 difference of > 0.5 between wildtype and mutant conditions. Outliers were
further excluded by restricting the residual variance quotients to less than 10. Gene
expression is represented in tables and heatmaps as Reads Per Kilobase of exon per
Million uniquely mapped reads (RPKMs). Heatmaps were produced using GENE-E
(Broad Institute: http://www.broadinstitute.org/cancer/software/GENE-E/).
RNA-Seq library statistics are displayed in Appendix Table A-7.

2.5.3 Analysis of Viral Response

Interferon induced genes were found using the Interferome database (Rusinova, 2013).
Significance was determined using the R function ’phyper’. For the striatum, phy-

per(18,814,10199,148,lower.tail=FALSE) and cortex phyper(32,814,10244,144,lower.tail=FALSE).

2.5.4 RNA Extraction and qPCR for Human Samples

Cell were lysed in TRIzol, and RNA was run through the Qiagen RNeasy column with
on-column DNase I digestion. cDNA was prepared from up to 1ng of RNA using RT

supermix from BioRad. The resulting cDNA was diluted 1:5 in water and used for
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qPCR by the SYBR green method (BioRad). Human brain samples had RINs > 4.

2.5.5 ChIP-PCR

Finely chopped pieces of one hemisphere of cortex or both halves of striatum were
fixed with 1% formaldehyde at 37°C for 15min and then washed with ice-cold PBS
two times. For human samples, ~100mg tissue was finely chopped and fixed with
1% (vol/vol) formaldehyde. The fixed brain sections were prepared as described
previously (Sadri-Vakili & Cha, 2006). Before addition of the H3K4me3 antibody
for immunoprecipitation, 0.5% (vol/vol) of each sample was taken as input. The
cross-links were reversed in the input samples, and after precipitation, DNA was
resuspended in 20pL deionized water. In the remaining sample, antibody was added
and incubated overnight. After immunoprecipitation, washes, reversal of cross-links,
and precipitation of DNA, the pellet was resuspended in 20pL deionized water, and
this sample was denoted as the IP sample. Gene-specific primers were used for qPCR,,
and 1pL input and IP samples were used in each PCR. The Acrossing threshold (Ct)

values between IP and input were compared among different samples.

2.5.6 ChIP-Sequencing Preparation and Computational Anal-
ysis

Cortical and striatal tissues were cross-linked with 1% (vol/vol) formaldehyde for
10min, and the cross-linking was quenched by 0.125M final concentration glycine.
The cross-linked tissue was then homogenized, rinsed with PBS, pelleted, and frozen
in liquid nitrogen for later use.

ChIP-Seq assays were performed as previously described (Macisaac & Fraenkel,
2010). Cross-linked tissues were fragmented to the size range of 100-500 bp using a
Bioruptor (Bioruptor Next Gen; Diagenode). An antibody that specifically recognizes
H3K4 trimethylation (H3K4me3; catalog #17-614; Millipore) along with nonspecific
rabbit IgG (catalog #17-614; Millipore) were incubated with beads for 6h before

incubating with sonicated chromatin overnight. Resulting immunoprecipitated DNA
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and nonspecific IgG-bound DNA were prepared for high-throughput sequencing using
a library preparation kit from Beckman Coulter (catalog #A88267). Libraries were

sequenced on an Illumina platform following the manufacturer’s standard protocol.

Raw ChIP-Seq data were processed using the Illumina software pipeline. ChIP-
Seq reads were aligned to the reference mouse genome (mm9; UCSC) using Bowtie
(Langmead et al., 2009). Binding events were identified using the genome positioning
system algorithm (Guo et ai., 2010b). For 12wk samples, we used IgG-bound DNA
as the control, and for 8wk samples, we used a uniform background. We used a
calculated alignable genome size of 2.107 Gbp, a standard expected ChIP-Seq read
distribution, a multiple hypothesis corrected enrichment g-value cutoff of le-2, and a
minimum a-value of 30. Genes associated with binding events inferred from ChIP-
Seq were identified using annotations from the refFlat (RefSeq database) file from the
UCSC mm9 tables on May 30, 2011. For visualization of read density at specific loci,
ChIP-Seq aligned reads were shifted according to a peak shift model built by MACS
(Zhang et al., 2008a) and uploaded to the UCSC genome browser. ChIP-Seq library
statistics are displayed in Appendix Table A-8.

2.5.7 Loess Regression

We used loess regression to minimize false positives when predicting differentially
methylated genes. This method has been used routinely in expression analysis to ac-
count for sources of noise that may differ between high and low signals. Each regres-
sion point represents the raw number of reads in H3K4me3 peaks within a -2/+3kb
window of a transcription start site (TSS). The regression was performed using ro-
bust weighted linear regression as the underlying piecewise regression model. The
data were then normalized by subtracting the value for R6/2 predicted by the regres-
sion from each corresponding sample. Genes were considered differentially methylated

if the R6/2 value fell outside of 1 SD of the normalized R6/2 dataset.
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2.5.8 Clustering of Histone Methylation Patterns

To search for different patterns of histone methylation, we computed a binary vector
representing whether one or more reads from the H3K4me3 ChIP-Seq experiment was
detected at each base in a window -2/+3 kb around T'SSs. These vectors were binned,
normalized, and then clustered by the k-means algorithm for k = 5 using Euclidean

distance and complete linkage.

2.5.9 Gene Ontology Analysis

Functional enrichments in gene ontology biological processes were calculated using
the two unranked list approach in GOrilla (Eden et al., 2009). For enrichment within
differentially expressed genes, all expressed genes [above fragments per kilobase of
exon per million fragments mapped (FPKM) > 0.1] were used as a background.
For enrichment within differentially H3K4 trimethylated genes and classes of H3K4
trimethylated genes based on TSS profile, all H3K4 trimethylated genes (above 50
tags in the -2/+43 kb TSS window) were used as a background.

Adjacent to H3K4me3-Enriched Regions

We used the GPS program to identify the sites near methylation peaks where tran-
scription factors were most likely to bind. GPS is designed for the analysis of ChIP-
Seq data for DNA binding proteins, where the binding event is likely to fall near the
center of the distribution of sequenced reads. To apply GPS to our problem, we needed
to determine where transcription factors that regulate histone modifications would
bind with respect to the reads obtained from immunoprecipitation of H3K4me3. To
compute this empirical spatial distribution of H3K4me3 reads for a typical protein-
DNA binding event, we used DNase hypersensitive sites and H3K4me3 data obtained
from a striatal cell line. Around each DNase hypersensitive site, we calculated the
spatial distribution of H3K4me3 ChIP-Seq mapped reads in a £1,500bp window. This

distribution has the shape of a valley, with a local minimum of trimethylation near
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the center and enriched for a peak of H3K4me3 on either side of the center. Provid-
ing this distribution to GPS allows it to use the histone immunoprecipitation data
to find the most probable site of the transcription factor that recruited the histone
modifier. We then used £100bp windows around each site predicted by GPS as input
for analysis of sequence motifs. We focused on sites proximal (£2,000 bp) to the T'SS.

2.5.11 Motif Analysis

We used a hypothesis-based approach to identify known protein-DNA recognition el-
ements enriched in each dataset. The set of hypotheses is derived from all vertebrate
position-specific scoring matrices (PSSMs) from TRANSFAC Release 2011.3 (Win-
gender et al., 1996) filtered for sufficient information content (>8 total bits). Because
many of these motifs are very similar to each other, they were clustered based on
pairwise distance by KL divergence of the PSSMs using Affinity Propagation. When
presenting the results of the motif analysis, we show the motif within each cluster that
had the most significant P value. The TAMO programming environment (Gordon
et al., 2005) was used to store the PSSMs and calculate the max motif score for each
sequence (across all k-mers in the sequence for a motif of width k).

Overrepresentation of motifs in a foreground set of sequences was assessed against
a background set of sequences using the Mann-Whitney Wilcoxon ranked sum test.
For each independent motif test, sequences were ranked by the maximum motif score
in each sequence (across all k-mers in the sequence for a motif of width k). This
ranked list was used to compute the U statistic from which we computed a P value.
The background sequences were selected to match the GC content, CpG content,
and distance to the TSS of each foreground set. To find motifs enriched in H3K4me3
sites adjacent to sets of differentially expressed genes, the background was a randomly
generated set of sequences with the same TSS distance distribution as the foreground.
For enrichment of motifs in particular classes of genes based on H3K4me3 T'SS profile,
the background set of genes in all other classes was used.

A comprehensive list of motifs can be found at: http://www.pnas.org/content/

suppl/2013/07/19/1311323110.DCSupplemental/sd06.pdf. The tables at this link
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show overrepresented TRANSFAC motifs in H3K4me3 valleys adjacent to the follow-
ing groups of gene: (A) genes down-regulated for both expression and H3K4me3 levels
in 12-wk striatum down-regulated, (B) genes down-regulated for both expression and
H3K4me3 levels in 12-wk cortex, (C) class 1 genes by H3K4me3 TSS profiles in 12-wk
striatum, and (D) class 1 genes by H3K4me3 TSS profiles in 12-wk cortex.

2.5.12 Western Immunoblotting

R6/2 and wildtype mice were killed using CO2 asphyxiation. Immediately, cortex and
striatum were dissected, and tissues were snap-frozen in liquid nitrogen for later use.
For total cellular protein extraction, brain tissues were lysed in ristocetin-induced
platelet agglutination buffer (50mM Tris, pH 7.4, 150mM NaCl, 0.1% wt/vol SDS,
1% wt/vol Triton X-100, 1% wt/vol sodium deoxycholate, protease inhibitor mix-
ture; Roche), incubated on ice for 15min, and lysed by sonication at a power of 2.5
for three 10s pulses. Protein was quantitated by the Lowry method, and 25pg protein
were resolved on 4-12% precast SDS/ PAGE gel with Mes buffer system (Invitro-
gen). The resolved bands were transferred onto nitrocellulose membranes, blocked
against 1I13K4me3 and to-
tal H3 (#10799; Abcam). Membranes were subsequently probed with secondary
fluorophore-coupled antibodies (Li-COR Biosciences) in Superblock for 1h at room
temperature in the dark on a rotary platform with gentle agitation. The membranes
were then scanned using Odyssey IR scanner using Odyssey imaging software. Protein
expression was measured by integrated intensity readings in regions defined around

protein bands and normalized to corresponding control bands of H3K4me3.

2.5.13 Drosophila Experiments

Flies were reared on standard cornmeal molasses medium at various temperatures. To
compare phenotypes of mutant HTT-expressing animals in a normal vs. lid-reduced
background, wt/wt; */*; UAS > HTTexlp-Q93/UAS > HTTexlp-Q93 females were
crossed to elav-GAL4/Y; lid [10424]/CyO males. Eclosion data from 21,000 segre-
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gants were calculated as percent of elav-GAL4/+; lid/+ HTT/+ or elav-GAL4/ +;
+/Cy0O; HTT/+ flies versus HTT nonexpressing male siblings. Pseudopupil anal-
ysis was carried out on 7-d old flies as described (Marsh et al., 2003). Flies were
reared at 22.5°C and shifted to 25°C on eclosion. To quantify expression of the HT'T
transgene,‘heads of female flies were homogenized in TRIzol reagent (Invitrogen), and
RNA was prepared according to the manufacturers recommendations. First-strand
cDNA was prepared from 1pg total RNA with the Maxima Universal First-Strand
c¢DNA Synthesis Kit (Thermo Scientific) using random hexamer primers. The result-
ing cDNA was diluted 1:10 and quantitated in quantitative PCR (qPCR) reactions
in an MJ Research Opticon thermal cycler using SYBR Green PCR Master Mix
(Applied Biosystems). Transgene expression levels were determined compared with
a template calibration curve and normalized to the levels of the rp49 housekeeping

gene.

2.6 Figures
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Figure 2-1: Heatmap of gene expression for key HD dysregulated genes in RNA-Seq
data from 12wk cortex and striatum. Values indicate standard deviation from the
gene mean.



8 Week 12 Week 8 Week 12 Week
Cortex Cortex Striatum Striatum
R6/2 77 R6/2 W R6/2 _ R6/2 WT

|
96

Il
(

hil

705

U0 B AN

428

148

SD From Gene Mean

1.5 15

144

Figure 2-2: Heatmap of gene expression for all dysregulated genes. Values indicate
standard deviation from the gene mean.
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Figure 2-3: RPKM values are shown for interferon I induced genes that are upregu-
lated in HD striatum (top) and cortex (bottom).
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Figure 2-4: Cumulative density distribution for the cortex (top; 46 genes ) and stria-

tum (bottom; 80 genes) gene signatures. Distributions of gene signatures are signifi-
cantly different for wildtype and mutant animals.
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Figure 2-5: Levels of H3K4me3 are lower at downregulated genes in 12wk old R6/2
mouse cortex and striatum. (A) Schematic view of the mouse Bdnf locus. Transcrip-
tion is alternately initiated at one of several upstream exons. Exon IX contains the
coding region of the Bdnf gene. Exon II of Bdnf has a REST binding site, RE1. (B)
ChIP shows that level of H3K4me3 measured at the exon II locus is nearly one-half
of the wildtype levels in 12wk old mouse cortex (P < 0.006 by one-way ANOVA: n
— 5). H3K4me3 levels are lower at exons III and IV as well; albeit, not significant.
(C) H3K4me3 levels are specific to TSSs and nearly absent at a region upstream of
the TSS and at the coding region. No antibody was added in the mock samples. (D)
Changes in H3K4me3 levels at the exon II start site are progressive. (E) H3K4me3
levels were significantly lower at the TSS of Penk! in 12wk old R6/2 mouse cortex
compared with wildtype mouse (P < 0.05 by one-way ANOVA; n = 4). At the TSSs
of genes Atp5b and Rpll3a, the levels of H3K4me3 were similar or insignificantly
lower. Similar results were found at the Lin7c¢ locus, which is downstream of the
Bdnf locus. (F) In 12wk old striatum, the levels of H3K4me3 were lower at the TSS
of Drd2 and Penkl loci (P < 0.05) by one-way ANOVA (n — 8). *P < 0.05.
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Figure 2-6: Genes with decreased expression in human HD tissue also have decreased
H3K4me3 levels. (A) In the SFG (cortex), BDNF and SYP gene expression was
lower in HD patient samples compared to control (BDNF P < 0.05; SYP P < 0.01).
ATP5B expression did not change, and PENK1 expression was lower in HD tissues,
although the difference did not achieve significance. (B) In the caudate (striatum),
DRD2 and PENKI expression was significantly lower in grade 3 patient samples
(P < 0.01) than in control levels. ATP5B expression did not change, and SYP
expression trended to decreased expression. (C) In the SFG, levels of H3K4me3
at BDNF exon II (P<0.05), PENK (P<0.01), and SYP (P<0.05) are significantly
lower in grade 3 patient samples compared with control (P < 0.05), and they are not
changed at BDNF' exon IV promoter. H3K4me3 levels at ATP5B promoter are not
significantly different between control and grades 2 and 3 patient samples although
a trend toward increased occupancy was observed. (D) In the caudate, H3K4me3
levels are significantly reduced at DRD2 (grades 2 and 3; P < 0.01), PENK1 (grades
2 and 3; P < 0.05 and P < 0.01, respectively), and SYP (grade 2; P < 0.05) promoters
compared with control caudate samples. The ATP5B promoter showed no significant
differences in H3K4me3 levels between control and HD samples. For both caudate
and SFG. four control samples were compared with three grade 2 and five to six grade
3 samples, and t-tests were performed to calculate statistical significance. *P <0.05;
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Figure 2-7: H3K4me3 levels are lower at the REST-regulated Bdnf promoter in 12wk
old R6/2 mouse cortex. This is an expanded view of a 6kb region centered on the
REST binding site RE-1 in exon II. The top two tracks are from cortices of 8wk old
mice, and the bottom two tracks are from cortices of 12wk old mice. The REST-
regulated promoter of Bdnf, indicated by the green box, shows a significant difference
hetween the animals at 12wk, whereas this difference is not observed at 8wk. Other
regions of the gene are largely unchanged at either 8 or 12wk of age.
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Figure 2-8: Scatter plots for (A) 8wk striatum, (B) 8wk cortex, (C) 12wk striatum,
and (D) 12wk cortex show the extent of H3K4me3 signal detected in wildtype animals
(x axis) vs. R6/2 animals (y axis) in a 2,000bp window around the primary TSS of
each gene with sufficient H3K4me3 coverage. The number of reads in each sample
was transformed to log2 and normalized by loess regression. Genes that show higher
expression in R6/2 mice (red) and genes with lower expression in R6/2 mice (blue)
are indicated. Note that a large group of genes had both lower H3K4me3 (below
the diagonal) and expression levels (blue) in R6/2 mouse. P values represent the
statistical significance of the overlap between genes downregulated in R6/2 and genes
with lower H3K4me3 levels as computed using the hypergeometric distribution.
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Figure 2-9: Genes downregulated in R6/2 mice have a distinct H3K4me3 profile in
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Figure 2-10: Reducing the dose of the demethylase lid leads to a significantly higher
survival for flies with expanded polyglutamines. (A) The eclosion rate of Htt-
challenged flies that were also heterozygous for a null lid allele(lid'%4**/+) compared
with +/+ flies was improved (P = 0.013). Significance was measured by Student ¢
test. (B) The effect of reduced levels of the demethylase lid on survival of photore-
ceptor neurons was evaluated by comparing the number of surviving photoreceptors
in Htt-challenged animals. In this pseudopupil assay, reducing the dose of functional
lid genes from two copies to one leads to a substantial improvement in photoreceptor
neuron survival (P = 0.0038 comparing /id'%4?*/+ with +/+ flies). (C) Expression
of the HTT exon 1 transgene was not altered in the crosses above as determined by
qPCR.
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Chapter 3

Aberrant Splicing of the Mutant
HTT Gene Generates A Pathogenic
Exon 1 Protein in Huntington’s

Disease

This chapter was adapted from (Sathasivam et al., 2013; Gipson et al., 2013). 1
contributed analysis of the HTT/Htt exon l-intron 1 splice site and surrounding se-
quence, isolation of RNA for RNA-Seq experiments, design of adapted Tru-Seq library
preparation, computational analyses of sequencing reads, construction of experimen-
tal design, and assisted with figure preparation and manuscript text. This work was
supported by the UK Medical Research Council and the Cure Huntington’s Disease
Initiative (CHDI).

3.1 Introduction

The HTT protein, as mentioned before, is an extremely long ~350Kda protein. Many
fragments of HTT have been found in both patient and mouse model tissue. It has
been well-established that N-terminal fragments of mutant HT'T represent the ’toxic’

species (Ross & Tabrizi, 2011) and the search for the proteases that generate HTT
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fragments has identified caspase-3 (Wellington et al., 2002), caspase-6 (Wellington
et al., 2002), calpains (Kim et al., 2001; Gafni et al., 2004) and matrix metallo-
proteinase 10 (Miller et al., 2010). However, the potential importance of smaller
N-terminal fragments is highlighted by their presence in HD postmortem brains (Di-
figlia, 1997), their release by formic acid solubilization from brain tissue (Lunkes
et al., 2002), and the fact that nuclear inclusions are only detected by antibodies to
N-terminal HT'T epitopes (Difiglia, 1997; Schilling et al., 2007). In cell models, HTT
can be cleaved into small fragments namely cp-A and cp-B (Lunkes et al., 2002) or
cp-1 and cp-2 (Ratovitski et al., 2009, 2007) but the proteases responsible for this have
not been identified. It has been recently shown that the smallest fragment present
in the brains of Hdh(QQ150 knock-in mice is an exon 1 HTT protein (Landles et al.,
2010). Analysis of the R6 transgenic mouse lines has previously shown an exon 1 HTT
protein is produced by translation of an exon 1 HTT transcript (Mangiarini et al.,
1996). This led us to investigate whether the exon 1 HTT protein in the HdhQ150

knock-in mice is generated by aberrant splicing rather than proteolytic cleavage.

3.2 Structure of the Mouse and Human Huntingtin

Exon 1-Intron 1 Junction

The major eukaryotic 5'-splice site consensus sequence is MAG|GURAGU (M is A or
C and R is A or G; -3 to position +6 relative to the exon-intron junction) (Zhang,
1998). The huntingtin 5’-splice site of intron 1, identical in mouse and human, fol-
lows the consensus sequence except at positions -2 and -1 where cytosines are present
(Figure 3-1A), which is rare (Zhang, 1998). Despite this unusual sequence composi-
tion, this splice site is predicted to have high splice site strength based on maximum
entropy modeling (Yeo & Burge, 2004). Clustering of G and C repeats in the adjacent
downstream intronic sequence likely helps to increase splice site strength, as has been
demonstrated for other introns (Xiao et al., 2009). The sequence at the exon 1-intron

1 boundary completes the codon for a proline residue and then terminates in a stop
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codon (Figure 3-1B).

3.3 Aberrant Splicing of Mouse Htt Exon 1 to Exon
2 Results in A Small Polyadenylated mRNA

3.3.1 Identification of A Small Polyadenylated Huntingtin RNA

The HdhQ150 knock-in mouse model was generated by the insertion of approximately
150 CAGs into exon 1 of the mouse Htt gene (Figure 3-2A) (Lin et al., 2001). To deter-
mine whether exon 1 of Htt mRNA had spliced to exon 2, we used a series of RT-PCR
assays on cDNA prepared from the brains of homozygous (Hdh®%%/Q1%0)  heterozy-
‘gous (Hdh*/%9) and wildtype animals at 2 months of age (Figure 3-2B). Nonquanti-
tative end-point RT-PCR products were comparable between all three genotypes for
assays that amplified exon 2 and spanned the exon 1-exon 2 junction. In contrast, the
levels of the RT-PCR products obtained for the exon 1- intron 1 boundary and for
intron 1 sequences upstream of 1.2 kb were more intense in cDNA prepared from the
brains of HdhR1/Q150 55 compared to Hdht/% animals, which were in turn more
intense than those obtained from their wildtype littermates.

Examination of the genomic sequence for Htt intron 1 identified a cryptic polyadeny-
lation signal at positions 677bp and 1233bp. 3’rapid amplification of cDNA ends
(RACE) for the first polyA signal showed the presence of a polyadenylated short
mRNA in HdhQWY/50 and Hdht/Q'0 but not wildtype brains (Figure 3-3). Us-
ing 3’RACE, we demonstrated this unspliced exon 1-intron 1 transcript was present
throughout all brain regions tested (Appendix Figure B-1) as well as in a range of

peripheral tissues (Appendix Figure B-2).

3.3.2 Examination of Exon 1-Intron 1 in RNA-Seq Data

To independently verify the presence of the exon l-intron 1 transcript we employed
RNA-Seq on RNA prepared from the cortex of HdhQ'5%/Q1%0 and wildtype mice. How-

ever, this region of mouse Htt proves to be a "dead zone" in RNA-Seq data. Our
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very early RNA-Seq data from 2011 showed very little coverage for the entire exon
1 region (Figure 3-4). Mouse and human huntingtin have > 75% GC content in the
first 55 bases downstream of the intron 1 5’-splice site. Similarly upstream, between
the CAG repeat and 5-splice site, there is a tract of > 80% GC bases in both mouse
Htt and human HTT.

The combination of secondary structure adopted by the CAG repeat (Duzdevich
et al., 2011) and the almost 200 bases of extremely high GC content present significant
challenges for sequence analysis of the Htt exon 1-intron 1 boundary region due to the
necessary PCR amplification steps. It is important to note that the low representation
of the Htt 5’ end is partly attributed to 3’ bias. We isolate mRNA from the total RNA
pool by using magnetic beads with oligo(dT) to bind to the polyA tail. Diminished
representation of the 5’ end of a gene results when RNA is inappropriately fragmented
before this step. If RNA is isolated with a very high RNA integrity score (ratio of 28S
to 183 can indicate degradation), the 3’ bias is not an issue genome-wide. However,
with genes as long as Htt, there will always be some loss of the 5’ end. An alternative
method for amplifying the mRNA signal, rRNA subtraction, is very effective but as
that does not remove pre-mRNAs, introns show more signal due to the presence of
unspliced transcripts. Given our question dealt with aberrant splicing, we decided
to continue with the oligo(dT) pulldown and focus on improving amplification of the

exon 1 region.

Two RNA-Sequencing steps involve the amplification of reads: the final PCR am-
plification of the library and the cluster amplification on the flow cell of the sequencer.
Cluster amplification on the flow cell uses formamide to denature DNA fragments,
which should adequately denature regions of high structure. However, a study by Aird
et al. demonstrated that regions of DNA with >65% GC content were represented
~1/100 of mid-GC content reference DNA after library amplification (Aird et al.,
2011). Thus we focused on optimizing PCR amplification of our libraries. Our first
step was to switch to the Kappa polymerase system, which demonstrated more robust
coverage of GC-rich regions than the traditional Phusion polymerase (Quail et al.,

2012). Our results were much improved and encouraging of the mis-splicing event
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(Figure 3-5A). We systematically evaluated the possible ways in which the sequence
coverage could be further improved for this region of the huntingtin gene. Spiking in
a GTP analogue (7-deaza-dGTP - reduces stacking interactions) or including DMSO
did not significantly enhance the PCR reaction, but addition of betaine at 1M did

result in substantially more reliable coverage of the Htt exon 1 region (Figure 3-5B).

While library preparation reagents have improved with overall coverage since 2011,
without addition of betaine and the use of Kappa polymerase, the exon 1l-intron 1
boundary of mutant Htt remains elusive as seen in other published HD RNA-Seq data
(Appendix Figure B-3). With our adapted RNA-Sequencing protocol, we observed
considerable read densities mapping to the first 1.2 kb of intron 1 in HdhQ'0/Q150 byt
not wildtype littermate samples (Figure 3-5B&C). To approximate the percentage
of non-spliced transcripts, we compared the 3’'UTR read density of full-length HTT
and the small HT'T transcript using Mixture-of-Isoforms (MISO) software and found
a 12-20% reduction in the full-length mRNA produced in the Hdh®59/Q10 samples
(Figure 3-5D).

3.3.3 Aberrant Splicing Occurs in All HD Knock-In Mouse
Models and Is Dependent on CAG Repeat Length

We utilized a series of knock-in mouse lines to determine whether aberrant splicing
occurred in the context of a wide range of CAG repeats. Some knock-in lines, such
as the Q150 (diagramed in Figure 3-2A), have only mouse Htt sequence around the
CAG locus. Other lines are chimeric for human-mouse Htt around the CAG repeat,
as diagramed in Figure 3-6A. The repeat sizes and construction of these lines are
summarized in Table 3-1. We analyzed RNA at 2 months of age for each of the
HdrQ20, Q50, Q80, Q100, Q150 and zQ175 lines and were able to detect the same
3'RACE product in all samples except for HdhQ20 (Figure 3-6B). Quantitative RT-
PCR (qPCR) indicated that the spliced full-length Htt mRNA levels, as determined
by amplifying the exon l-exon 2 junction (Figure 3-7A) and exon 2 (Figure 3-7B)
sequences, were largely comparable between genotypes for Q20, Q50, Q80 and Q100.
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However, the full-length Htt transcripts were under-represented in the Q150 and
zQ175 mice, consistent with a previous report (Giles et al., 2012). qPCR also showed
that transcripts containing early intron 1 sequences were highly increased in a gene-
dose dependent manner for all lines except HdhQ20 (Figure 3-7C). The level of these
transcripts also increased in a polyQ-length dependent manner when comparing the
Q50, Q100 and Q150 lines (mouse Hit sequences only) or the Q80 and zQ175 lines

(human-mouse chimeric Hit).

3.3.4 Aberrantly Spliced Htt Transcript is Translated and Pro-

duces an Exon 1 Htt Protein

Next we sought to determine whether the aberrantly spliced mRNA was translated.
We performed RT-PCR on RNA isolated from polysome gradients prepared from
homozygous zQ175 and wildtype brains at 2months of age. RT-PCR with primers
to Atp5b demonstrated that the polysomes isolated from both genotypes were intact
(Figure 3-8A). Htt early intron 1 sequences were associated with polysomes (fractions
12-18) from zQ175 mice but not wildtype littermates (Figure 3-8B), suggesting the

aberrantly spliced transcript is being translated.

As mentioned before, an unspliced exon 1 is followed by a conserved stop codon,
resulting in the production of an exon 1 protein that, in all vertebrates, terminates in
a proline residue. It has been previously shown that the smallest N-terminal fragment
generated in the HdhQ150 lines corresponds to exon 1 Htt (Landles et al., 2010). To
determine whether this is also present in other HD models, we performed immuno-
precipitation with 3B5H10 (binds polyQ) and western blots were immunoprobed with
S830 (binds N-terminus of Htt), MW8 (exon 1 encoded Htt C-terminal neo-epitope
(Landles et al., 2010)), and 1H6 (binds Htt region encoded by exon 2/3). A summary
diagram of the different antibodies is shown in Figure 3-9A. Comparison of the S830
and MWS8 blots reveals that an exon 1 Htt protein (dotted lines) is present in the
zQ175, HdhQ100, and HdhQ80 brains but not in those from their wildtype littermates
or in the IgG controls (Figure 3-9B,C,&D).
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3.4 Aberrant Splicing of Human HTT Exon 1 to
Exon 2

To extrapolate these findings to human HTT, we performed in silico analysis and
identified nine predicted polyadenylation signals in intron 1 (Appendix Figure B-4).
3’RACE was first performed on brain RNA from 2 month old YAC128 (Slow et al.,
2003) mice, which are transgenic for full-length human HTT. The polyA signal with
the highest predictive score (~7.3 kb) resulted in a polyadenylated transcript. To
determine whether the aberrant splicing also occurs in human tissue, we performed
3'RACE for the same cryptic polyadenylation signal as used in the YAC128 mice. The
polyadenylated transcript was clearly apparent in two fibroblast lines as well as in the
sensory motor cortex of an HD patient with (CAG),2 and the cortex of a juvenile HD
individual with (CAG)7,. 3’'RACE results for the YAC128 mice and human tissues
are shown together in Figure 3-10. Two HD brain samples did not yield 3’'RACE
product (Figure 3-10, HC76 & HD2), probably reflecting differences in the extent to
which the RNA had degraded in these tissues.

3.5 Summary of The Aberrant Splicing of Huntingtin

A summary of the results thus far for mouse Htt and human HTT is presented in
Figure 3-11. Both mouse and human huntingtin have an immediate stop codon at
the start of intron 1. Both genes have a cryptic intron 1 polyA site although at
different positions within the intron. During transcription, these cryptic polyA sites
are prematurely recognized and the resulting transcript is cleaved and translated into

an exon 1 protein.
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3.6 Splicing Factor SRSF6 May Mediate Mis-Splicing
of Mutant Huntingtin

To investigate the underlying mechanism we used bioinformatics to predict regulatory
motifs in exon 1 of Hit (Figure 3-12A) and mapped the binding site of SRSF6 to
a CAG or CAGCAA repeat (Figure 3-12B). RNA co-immunoprecipitation with an
antibody to SRSF6 captured Htt early intron 1 sequence from homozygous zQ175
mice with a much higher efficiency than those from wildtype brain lysates (Figure 3-
12C). Exon 2 transcripts were not immunoprecipitated from either zQ175 or wildtype
lysates consistent with SRSF6 binding to the expanded CAG repeat in the zQ175 mice

and inhibiting the splicing of exon 1 to exon 2.

3.7 Architecture of the Huntingtin Gene and Its In-

fluence on Splicing

We examined the huntingtin gene architecture more rigorously in an effort to think
more broadly about the splicing of huntingtin exon l-exon 2. The huntingtin gene
structure is a good example of some general features that higher eukaryotic genes
have acquired during the course of evolution. A number of bioinformatic surveys
established that the first intron of a eukaryotic gene tends to be longer than sub-
sequent introns (Bradnam & Korf, 2008; Gaffney & Keightley, 2006; Gazave et al.,
2007; Kalari et al., 2006; Kriventseva & Gelfand, 1999; Marais, 2005; Smith, 1988;
Zhang & Edwards, 2012) and in humans and mice the first intron tends to be a little
less than three times longer than the remaining introns (Bradnam & Korf, 2008). The
huntingtin gene is a dramatic example of this feature. Human HTT consists of 66 in-
trons with an average intron length of ~2360 bases, while intron 1 alone is comprised
of 11,850 bases. This discrepancy is even more pronounced in mice: average intron
length is ~2080 bases, whereas intron 1 is 20,632 bases. In many species intron 1

length seems to be positively regulated with the expression level of the respective gene
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(Marais, 2005; Jonsson et al., 1992; Palmiter et al., 1991; Rose & Last, 1997; Ho et al.,
2001; Jeon et al., 2000; Morello et al., 2002). Furthermore, neuronal genes and genes
that are involved in development seem to have a higher content of non-coding DNA,
which might assist in the tight regulation of their expression (Gaffney & Keightley,
2006). In plants, the propensity of these elements to influence gene expression was
termed intron-mediated enhancement (Mascarenhas et al., 1990; Rose, 2002). How-
ever, not much is known about the exact nature of these cis-acting regulatory elements
in the first introns of higher animals. To date, there are no annotated hon-coding
RNAs in either human HT'T or mouse Htt intron 1 (http://www.ensembl.org). There
is also no evidence for a cryptic exon, which tends to appear in longer introns (Roy
et al., 2008). So the question remains, does intron 1 of huntingtin have any particular

cis-regulatory effects on the expression level of the transcript?

An extremely long intron 1 increases the potential for splice factor binding sites.
Indeed, splice factor binding sites are scattered all along HT'T intron 1, but cluster
toward the 5-end (SFmap(Akerman et al., 2009) and ESEfinder(Cartegni, 2003)).
Additionally, transcription of longer intronic sequences not only allows for increased
spatial, but also increased temporal regulation of splicing. While splicing is thought
to usually occur co-transcriptionally (Han et al., 2011), the extreme length of HTT
intron 1 could open up a kinetic window for additional factors to act on transcription,
splicing, and/or cryptic polyadenylation site activation. In addition, the rare splice
site sequence discussed earlier might result in a reduction in the kinetics of Ul small
nuclear ribonucleoprotein complex recruitment or the higher instability of spliceo-
somes. This could lead to a delay in splicing and could contribute to the generation

of the small, non-spliced polyadenylated transcript.

Another interesting layer of potential regulation is the local chromatin structure
of HTT intron 1. Polyglutamine repeat expansion could affect a change in chromatin
marks or the association of chromatin remodeling machinery, both of which have been
shown to influence splicing (Batsché et al., 2005; Luco et al., 2010). Investigation of
local chromatin structure might bring further valuable insights into the molecular

mechanism by which the HT'T exon 1 transcript is produced.
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3.8 Summary and Implications of Mis-Spliced Prod-

uct

We have identified a small exon l-intron 1 polyadenylated mRNA transcript in the
brains of all HD mouse models expressing mutant Htt (mouse) or HTT (human).
Furthermore we have shown that the same transcript is also present in fibroblast
lines derived from HD patients and in postmortem HD brains. We have shown that
the SRSF6 splicing factor binds to the 5 end of the Htt gene with an expanded
CAG repeat, consistent with its known recognition motif (Akerman et al., 2009).
SRSF6 regulates splicing and facilitates translation of partially-spliced transcripts
(Tranell et al., 2010; Swanson et al., 2010). SR proteins have also been associated
with the displacement of the Ul snRNP (Labourier et al., 1999), a phenomenon
that promotes polyadenylation from cryptic polyA signals within introns (Berg et al.,
2012). Therefore, an increased association of SRSF6 with expanded CAG repeats
could account for the CAG repeat length dependent production of the exon 1-intron
1 transcript. Translation of this transcript produces an exon 1 Htt/HTT protein. A

diagram of this model is presented in Figure 3-13.

The pathological consequences of the expression of this aberrantly spliced product
in mice have been demonstrated in multiple experiments. The R6 mouse lines are
transgenic for a genomic fragment that spans the 5 end of the HTT gene, exon
1 and a portion of intron 1 (Mangiarini et al., 1996). Therefore the R6 lines can
be considered to be models of aberrant splicing in HD and demonstrate that an
exon 1 HTT protein is highly pathogenic, a result that was recapitulated in a set
of independent experiments (Benn, 2005). Surprisingly, the late-stage phenotypes of
R6/2 mice closely resemble those present in the HdhQ150 knock-in mice (Woodman
et al., 2007; Moffitt et al., 2009; Scappini et al., 2007; Labbadia et al., 2011); the
main difference between these two models being the age of phenotype onset and rate
of disease progression. This suggests that the pathogenic process in HdhQ150 mice
could be driven by the same exon 1 HTT fragment differing only in its abundance

and accumulation over time.
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Our discovery that exon 1 HT'T is generated by aberrant splicing will provide the
opportunity to test the extent to which an exon 1 protein contributes to disease patho-
genesis in the knock-in lines, and the extent to which full-length HTT and/or other
N-terminal HTT fragments, generated by proteolytic cleavage, are also pathogenic.
RNA-targeted therapeutic approaches designed to lower the levels of HTT through
the use of antisense oligonucleotides, RNAi or small hairpin RNAs are under devel-
opment (Sah & Aronin, 2011). Many of these approaches would not prevent the
production of exon 1 HT'T and should be reviewed in the light of our findings.

3.9 Methods

3.9.1 Mouse Maintenance and Breeding

HdhQ150/Q150 homozygous, Hdh/A% heterozygous mice and wildtype littermates on
a (CBA x C57BL/6) F1 background were obtained by intercrossing Hdht/@'%° het-
erozygous CBA /Ca and C57BL/6J congenic lines as described previously (Woodman
et al., 2007). The HdhQ50 and HdhQ100 lines were generated by selective breed-
ing for alterations in germ-line repeat size starting with a C57BL/6 congenic of the
HdhQ150 lines (Lin et al., 2001). The Hdh+/Q20, Hdh+/Q80 (Wheeler et al., 1999;
White et al., 1997) and zQ175 (Menalled et al., 2003) knock-in mice were supplied
from CHDI colonies maintained at The Jackson Laboratory (Bar Harbor, ME, USA).
The HdhQ20, HdhQ50, HdhQ80, HdhQ100 and zQ175 lines were maintained by back-
crossing to C57BL/6J (Charles River). All experimental procedures were performed
in accordance with UK Home Office regulations. All animals had unlimited access
to food and water, were subject to a 12-h light/dark cycle and housing conditions;
environmental enrichment was as previously described (Hockly et al., 2003). Ge-
nomic DNA was isolated from an ear-punch. HdhQ50, HdhQ100, and HdhQ150 mice
were genotyped by PCR; CAG repeat length was measured as previously described
(Sathasivam et al., 2010). The HdhQ20 and HdhQ80 mice were genotyped as de-
scribed (White et al., 1997) using the Hotstart polymerase (Thermo Scientific). The
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genotyping primers for zQ175 were as (Menalled et al., 2003) using the R6/2 geno-
typing protocol (Sathasivam et al., 2010). Dissected tissues were snap frozen in liquid

nitrogen and stored at -80°C until further analysis.

3.9.2 RNA-Sequencing

Frozen tissues were homogenized with VWR PowerMax AHS 200 in TRIzol Reagent
(Invitrogen). RNA was extracted according to the TRIzol protocol and purified with
RNeasy columns (Qiagen). Samples were prepared using a modified strand-specific
version of the Illumina Tru-Seq protocol. Illumina’s protocol was followed except for
strand-specific cDNA synthesis steps that were adapted from (Levin et al., 2010), with
one exception for 6month samples, which did not include actinomycin in first-strand
cDNA synthesis. The Agencourt Ampure XP system was used to remove dNTPs
between first- and second-strand synthesis. Following second-strand cDNA synthesis,
samples were run on Beckman Coulter Nucleic Acid Extractor SPRIte and digested
with USER mix (New England Biolabs). Final PCR amplification was performed
with either Fusion or KAPA HiFi polymerase and GC buffer (Kapa Biosystems).
For two of the 22month samples, PCR enrichment included the additive betaine to
improve read coverage in the GC-rich regions of the genome. The paired-end, strand-
specific cDNA libraries were multiplexed onto the Illumina HiSeq (40 bp reads). Read
data was mapped to the mm9 build with the Bowtie alignment program using setting
—Best. Splicing was analyzed using the Python/C version of MISO (Katz et al.,
2010). A custom General Feature Format (GFF) file was created for the two Htt
isoforms. Coordinates for the short and long isoforms, respectively: chr5(35,104,760-
35,105,959) and chr5(35,251,495-35,255,170). RPKM (Reads Per Kilobase of exon
per Million mapped reads) tracks and PSI plots were created with Sashimi-plot, part
of the MISO framework. MISO is available at: http://genes.mit.edu/burgelab/
miso/; Sashimi-plot is available at: http://genes.mit.edu/burgelab/miso/docs/

‘sashimi.html. RNA-Seq library statistics are displayed in Appendix Table B-1.
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3.9.3 Mouse RT-PCR, Quantitative RT-PCR, and 3’ RACE

RNA, RT-PCR, and quantitative RT-PCR were as described (Benn et al., 2008a),
except that RNA was reverse transcribed from an oligo-dT primer and quantitative
RT-PCR was performed using the SsoFast Probes Supermix (Bio-Rad) with a corre-
sponding cycler program. 3’'RACE was performed as described (Scotto Lavino et al.,
2007). Bands were excised from gels, cloned (TA cloning kit, Invitrogen), and se-
quenced (Big Dye Terminator 3.1, ABI) using ABI3730xl DNA analyzer. Primer and
probe sequences are detailed in Appendix Table B-2.

3.9.4 Human 3’'RACE

Human sample information is included in Appendix Table B-3. RNA from human
samples was extracted as previously described (Benn et al., 2008a). A total of 2pg
total RNA was reverse transcribed (Invitrogen, Moloney murine leukemia virus) using
the UAPdAt18 primer. After the RT reaction, the mix was digested with 1U of RNase
H (Invitrogen) for 1h at 37°C. The cDNA was subsequently diluted 1:10 in water
and 2pL were used as template for the 3’ RACE. All PCRs were carried out using
the Promega GoTaq system. Each PCR contained 5pL of 5xGreen Flexi Buffer,
2puL 25mM MgCl2, 0.5uL 10mM dNTPs, each 0.5pL of 10mM primers, 2uL. cDNA
template, 0.125ul. GoTaq polymerase, and water to 25pL. PCR protocols for human
3'RACE were as follows: first 3’RACE PCR: 1 cycle 94°C for 2 min; 10 cycles 94°C
for 15s, 60°C for 25s, 72°C for 2min; 30 cycles 94°C for 15s, 61°C for 20s, 72°C for
Imin 45s; 1 cycle 72°C for 6min followed by cooling to 10°C. Primers were UAPnest
and 6568f. Second 3’'RACE PCR: 1 cycle 94°C for 2min; 35 cycles 94°C for 15s, 62°C
for 20s, 72°C for 1min; 1 cycle 72°C for 6 min followed by cooling to 15°C. Primers
were UAPnest and 6621f. Third 3RACE PCR: 1 cycle 94°C for 2min; 35 cycles
94°C for 15s, 62°C for 20s, 72°C for 20s; 1 cycle 72°C for 6min followed by cooling
to 15°C. Primers were UAPnest and 7128f. Bands were excised from gels, cloned
(TOPO-TA cloning kit, Invitrogen) and sequenced (Big Dye Terminator 3.1, ABI)
using ABI3730x] DNA Analyzer. Primer sequences are listed in Appendix Table B-4.
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3.9.5 Polysome Gradients

The 10-40% (wt/vol) sucrose stock solutions were prepared in 50mM Tris-Cl (pH
6.6), 140mM NaCl, and 12mM magnesium chloride. Immediately before use, cyclo-
heximide (200pg/mL) and 1 mM DTT were added. Sucrose gradients were prepared
as discontinuous gradients of 2mL layers of 40%, 32.5%, 25%, 17.5%, and 10%. Start-
ing with 40% sucrose, each layer was frozen on dry ice before the next layer was put
on top. The gradient was allowed to thaw overnight at 4°C whereby a continuous
gradient was created by diffusion. Mouse brain tissue was lysed in freshly prepared
polysome buffer [10mM TrisCl(pH 7.4), 140mM NaCl, 12mM magnesium chloride, 1%
(wt/vol) Triton X-100, 1 mM DTT, 200pg/ml cycloheximide, 0.5U/pL. RN Asin, and
10mM ribonucleoside vanadyl complex|. Lysates were used immediately and never
frozen. Samples were centrifuged twice at 13,000xg at 4°C for 5min, and each time
the supernatant was transferred to a new tube. A volume corresponding to 250ng ab-
sorbance at 260nm was layered on the 10-40% sucrose gradients. The gradients were
centrifuged at 115,000-260,000xg at 4°C for 1h 40 min in a SW41-Ti swing out rotor.
Fractions (18, 570uL) were collected and 300uL of each fraction were extracted twice
with 800uL of a 1:1 mixture of phenol (equilibrated in 0.15M sodium acetate pH 5.3)
and chloroform/iso-amyl alcohol (49:1). For each extraction, samples were rigorously
mixed, centrifuged at 13,000xg at room temperature for 2min and the supernatant
was transferred to a new tube. RNA was precipitated overnight at -20°C with a
1:1 mixture of ethanol and isopropanol (two times the volume of the sample) and
3M sodium acetate pH 5.3 (one-sixth the volume of the sample). Samples were cen-
trifuged at 13,000xg at 4°C for 1h, washed with 0.5mL 70% (vol/vol) ethanol, dried,
and resuspended in an equal volume of water. An equal volume of each sample was
reverse transcribed using random hexamers. The cDNA was diluted 1:5 with water
before quantitative RT-PCR analysis. For gel visualization, RNA was mixed with 2
times the volume of loading buffer [85% (vol/vol) formamide, 10% (vol/vol) glycerol,
8.5mM Tris-Cl pH 7.4, 0.004% (wt/vol) bromophenol blue|, denatured for 5min at
65°C and analyzed on a 1.3% (wt/vol) agarose in 1xXTAE gel (40mM Tris-acetate,
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1mM EDTA, pH ~8.3) with 5V/cm.

3.9.6 Antibodies, Immunoprecipitation, and Western Blotting

3B5H10 (Sigma) is a monoclonal antibody that was raised auganinsti an N-terminal
171 amino acid fragment of HTT with 65Q and detects a polyQ tract (Peters-Libeu
et al., 2005). S830 is a sheep polyclonél antibody raised against exon 1 HT'T with 53Q
(Sathasivam, 2001). MWS8 is a monoclonal raised against the peptide AEEPLHRP
at the C terminus of exon 1 HTT (Ko et al., 2001). 1H6 is a monoclonal antibody
that recognizes SLRNSPEFQKLLGI (Lunkes et al., 2002). Six mg of epoxy-activated
magnetic beads (Dynabeads M-270 Epoxy; Invitrogen) were washed four times with
0.5mL PBS. The beads were finally resuspended in 100pL PBS and mixed with 100pL
of 3B5H10 antibody (lmg/mL). Slowly and under constant mixing, 100pL of 3M
ammonium sulfate (in 0.1M sodium phosphate pH 7.4) were added. The tube was
sealed and incubated at 30°C overnight with constant motion. Beads were washed
twice for 1h with 0.5mL of Tris-Cl pH 8.8. Following this, beads were washed two
times with 0.5mL PBS, two times with 0.5mL PBS/0.5% Triton X-100, and finally
resuspended in 400pL PBS (supplemented with 0.2millig/mL BSA and 0.02% sodium
azide). Immunoprecipitation, Western blotting, and immunoprobing were performed

as previously described (Landles et al., 2010).

3.9.7 SRSF6 RNA Coimmunoprecipitation

Mouse brain tissue was lysed in freshly prepared Triton buffer (50 nMHEPES/NaOH
pH 7.6, 160mM NaCl, 7mM magnesium chloride, 3mM calcium chloride, 5mM potas-
sium chloride, 1% (v/v) Triton X-100, 1mM phenylmethylsulfonyl fluoride, 0.5 U/pL
RNAsin and complete protease and phosphatase inhibitor mixture). Lysates were
used immediately and never frozen. Samples were centrifuged twice at 13,000xg at
4°C for 5min, and each time the supernatant was transferred to a new tube. Super-
natant corresponding to 2mg total protein was immunoprecipitated for 5h on a rotat-

ing wheel at 4°C. Each reaction contained 9pL of protein G Dynabeads (prewashed
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for 1h at 4°C in Triton buffer with 1mg/mL BSA), 3ng of anti-SRSF6 antibody (LS-
B5712; LifeSpan BioSciences), and Triton buffer to a final volume of 400uL. Following
immunoprecipitation, the magnetic beads were washed four times with 0.5mL Triton
buffer, and finally resuspended in 300pL of AE buffer (50mM sodium acetate pH 5.3,
10mM EDTA pH 8.0). RNA was extracted by adding 300uL of phenol (equilibrated
in 0.15M sodium acetate pH 5.3) and 100puL of chloroform /iso-amyl alcohol (49:1).
Samples were rigorously mixed, centrifuged at 13,000xg at room temperature for 2min
and the supernatant was transferred to a new tube. RNA was precipitated overnight
at -20°C with a 1:1 mixture of ethanol and isopropanol (2 times the volume of the
sample), 3M sodium acetate pH 5.3 (one-sixth the volume of the sample), and 40pg
of glycogen. Samples were centrifuged at 13,000xg at 4°C for 1h, washed with 0.5mL
70% (vol/vol) ethanol, dried, and resuspended in water. An equal volume of each
sample was reverse transcribed using random hexamers. The cDNA was diluted 1:5

with water before quantitative RT-PCR analysis.

3.9.8 Bioinformatics and Statistics

To predict splice factor binding sites, the following websites were used: RegRNA
(http://regrna.mbc.nctu.edu.tw/index.php) (Huang et al., 2006; Smith et al.,
2006) and ESEfinder 3.0 (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.
cgi) (Cartegni et al., 2003). To predict human polyadenylation sites, the intron 1 se-
quence of the human HTT gene was analyzed with the Softberry POLYAH algorithm
(http://linuxl.softberry.com/all.htm).

3.10 Figures and Tables
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A 5'-Splice Site Conservation B 5-Splice Site for Huntingtin Intron 1

MaxEnt prediction: 9.4
gA A T Exon 1 Intron 1

IATG GCG ... CTG CAC CGA CC|G TGAGT ...

“T c', Met Ala .. Leu His Arg Pro STOP
-3*2-1123456

Figure 3-1: (A) 5-splice site consensus sequences for high GC isotopes showing nu-
cleotide conservation at the respective positions (plotted with data from (Zhang,
1998)). (B) The exon l-intron 1 junction is conserved between human and mouse
and predicted to be a strong splice site. There is an in-frame stop codon within the
first four bases of intron 1.

A (CAG),
19f li'_f)f 31_?1 ei(fi
5UTR| exonl [ 4}—/\[1 | exon 2
Z‘EE)r 4;r TE)r 11\§4r e)a'

exon1 - exon2
(-19f/ ex2r)

exon1 - intron1
(-19f/ 431r)

intron1
(3471 / 785r)

intron1
(857f / 1194r)

exon2
(ex2f / ex2r)

Figure 3-2: (A) Diagram of Hdh®"™" Htt allele with placement of primer pairs. (B)
RT-PCR of Htt exon 1, intron 1, and exon 2 regions.

CI‘60 \
Hdh e & \9\5 sequencing
M _C X~ W ccctAACCAGGTTTTAAGCATAGCCAG

AGAGGTGTGCTTCTGTGATGTCTGCA
GGCAGTTGGATGAGTTGTATTTGTCAA
GTACATGGTGAGTTACTTAGGTGTGAT
< TATTAATAAAAAACTATATGTGTGCATA
TAAAAAAAAAAAAAAAAAAAAAGCTT
GAGCTCGAGTCCTCGTCACTCTGCTC
ACTGGaagggcgaattccagcac

Figure 3-3: 3" RACE product was generated from mutant brain RNA but not from
wildtype controls. The cryptic polyadenylation signal is underlined, the polyA tail is
in bold, the primer sequence in italics, and the vector sequence in lowercase.
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Figure 3-4: RNA-Seq of RNA from cortex of 6 month old homozygous (gray) and
wildtype (black) mice. Reads were mapped to Hit exon 1-exon2. There are few reads
mapping to exon 1, but a large read density mapping to the intron in mutant animals.
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Figure 3-5: (A) RNA-Seq reads from cortex of 22month HdhQ'%/Q50 and wildtype
mice mapping to the Htt exon l-exon 2 region. Final library amplification was per-
formed with Kappa polymerase. (B) Same as in (A) but these libraries were amplified
using the additive betaine. (C) A zoomed out view of the first 9 exons of Hit for
comparison to exon 1. Note in this plot, the intron 1 region to which reads map is
scaled as an intron in this representation whereas it is scaled as an exon in A, B, and
D for clearer view. Introns are scaled by 50 and exons by 4. (D) RNA-Seq reads
mapping to the entire Htt gene. Psi plots predict that normal splicing occurs in 88%
and 80% of HdhQWY/Q0 transcripts.

85



A

Q20, Q80 models +)((CAG)" ]
II:'ox@iqﬁ’um | exont | 1 % @
zQ175 model ﬁ,)((CAG)” .
MTR I exon 1 lj; IJL" @l
B Han Q20 055 80
M '19{]9 > P @\@ & & o 8 M

Hdh

Figure 3-6: 3'RACE product in all expanded poly mouse lines. (A) Schematic
representations of chimeric human-mouse Htt genes in the HdhQ20, HdhQ80, and
zQ175 lines. The 5’UTR and first 28 bp of exon 1 are always of mouse origin, whereas
the remaining exon 1 sequence is human. The Hdh(Q20 and HdhQ80 lines contain 268
bp of human intron 1, 124 bp of mouse intron 1 is deleted, and there is a loxP site 5’
to the ATG. Line zQ175 contains 10 bp of human intron 1 with 94 bp of mouse intron
1 deleted and an intact neo-cassette 1.3-kb 5" to the ATG. X, Xmnl; E, EcoRV; K,
Kpnl; ¢, cryptic polyadenylation signal. (B) 3’'RACE product is present in all lines
except Hdh(Q20.

Mouse Hit Sequence Only Human-mouse chimeric Hit

Mouse Line| Repeat Size Mouse Line| Repeat Size
HdhQ50 59 + 0.62 HdhQ20 17 £ 0.46
HdhQ100 110+ 1.34 HdhQ80 81+0.72
HdhQ150 | 167 +8.18 zQ175 189 + 7.85

Table 3-1: CAG repeat sizes of different HD knock-in mouse models.
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Figure 3-7: The levels of the (A) spliced exon 1-exon 2 and (B) exon 2 transcripts are
shown relative to wildtype. (C) The expression level of early intron 1 transcripts is
shown relative to the geometrical mean of three housekeeping genes (Atpdb, Fifja3,

Sdha). n = 8/genotype; *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean +
SEM.
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Figure 3-8: Polysome gradients showing the relative distribution of (A) Atp5b and
(B) early Htt intron 1 transcripts. Data are mean £ SEM, n—2.
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Figure 3-9: An exon 1 Htt protein is found in expanded polyQ mouse lines. (A)
Schematic shows the position of the Htt antibody epitopes. (B-D) Htt proteins were
immunoprecipitated with 3B5H10- or IgG-coupled magnetic beads from wildtype and
(B) zQ175, (C) HdhQ100, and (D) HdhQ80 mice and western immunoblots were
immunoprobed with S830, MW8, and 1H6 antibodies. Dotted lines indicate the gel
migration of the exon 1 Htt proteins; due to the polyglutamine tract these do not
migrate as predicted by their molecular weight.
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Figure 3-10: 3’'RACE of human HTT. The expected RACE product size is about 260
bp; Ctr, control subject; Ctx, cortex; HD, adult onset HD; ju, juvenile-onset HD: M,
low-molecular-weight markers (New England Biolabs); SMC, sensory motor cortex.
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Processing of Mutant Huntingtin RNA to Produce Exon 1 Protein

Mouse Human
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Figure 3-11: Diagram of aberrant splicing of mouse and human mutant huntingtin.
Both mouse and human huntingtin RNA have a stop codon (red octagon) immediately
in intron 1. There is a cryptic polyA signal (x) 680 bases into mouse intron 1 and
7.300 bases into human intron 1.
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Figure 3-12: The splicing factor SRSF6 binds to expanded CAG repeats in Htt tran-
scripts. (A) RegRNA predicts a cluster of R0987 regulatory motifs (CTGN) in the
expanded CAG repeat of Htt. Using ESEfinder 3.0, this motif was mapped to the
binding site of SRSF6. (B) The RNA recognition motif of SRSF6 is YRCRKM,
closely resembling a CAG or CAGCAA repeat. Nucleotide abbreviations: Y, T or C;
R,Aor G;K,GorT; M, AorC. (C) RNA-IP of SRSF6 from zQ175 brain resulted in
the coprecipitation of higher levels of early intronic and exon 1 transcripts compared
with wildtype. In contrast, the coprecipitated levels of zQ175 and wildtype exon 2
transcripts were not significantly different. n = 6/ genotype. Horizontal bar, IgG
control immunoprecipitation. Data are mean + SEM; **P < 0.01.
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Splicing Factor SRSF6 Binds to Expanded CAG Repeat and Facilitates Mis-splicin

Normal CAG Repeat Length

Cryptic intronic polyA signals are
protected by U1.

Expanded CAG Repeat
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transcript.
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5'-splice site of intron 1 and lead to a
transcript that includes intron 1.
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Figure 3-13: Involvement of SRSF6 in HTT mis-splicing. We propose that SRSFG
binds to the expanded CAG repeat (hash marks). Two possible scenarios could arise
from this: SRSf6 binding could interfere with Ul snRNP protection of the cryptic
polyA signals in intron 1 by depleting the local pool of Ul snRNP by direct interaction;
or SRSF6 binding interferes with the assembly of a stable and productive spliceosome

at the 5’-splice site.
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Chapter 4

Mis-splicing in CAG Repeat

Disorders

I would like to thank Andreas Neueder, Annie Sittler, and Andrew Lieberman for
their generous contribution of tissue samples, sequencing data, and discussion to
this study and Charlotte Albright for assistance in RNA-Seq library preparation.
This work was supported by the Cure Huntingtin’s Disease Initiative and Hereditary

Disease Foundation.

4.1 Introduction

After identifying the mis-spliced mutant HT'T transcript, we began to think on a
genome-wide level about mis-splicing in CAG repeat disorders. We had RNA-Seq data
available on skeletal muscle from the R6/2 HD mouse model as well as mouse models
for two other CAG repeat disorders: Spinocerebellar ataxia 7 (SCA7) and Spinal-
bulbar muscular atrophy (SBMA). Skeletal muscle wasting, as will be discussed below,
is a severe peripheral symptom in most CAG disorders and proper muscle function is
highly reliant on a specific program of alternative splicing. All three polyQ proteins
involved in these disorders have been implicated in general splicing alterations, but
an in-depth examination of splicing has not been performed. By examining all three

disorders in parallel we can determine what disease specific splicing alterations may
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exist and what splicing alterations may be a general polyQ consequence.

4.2 SCA7 and SBMA

Long CAG repeats occur at several sites throughout the genome outside of the HTT
locus and are prone to expansion. As in HD, these expanded repeats often result
in pathogenic disturbances. In total, there are nine disorders that are attributed
to pathogenic expansion of CAG repeats; these are summarized in Table 4-1. Here
we focus on Spinocerebellar ataxia 7 (SCA7) and Spinal-bulbar muscular atrophy
(SBMA).

SCAT is a neurodegenerative disorder characterized by ataxic (uncoordinated)
gait, dysarthria (unclear speech), dysphagia (difficulty swallowing), and muscle at-
rophy (David et al., 1998; Johansson, 1998; Benton et al., 1998). The cause is a
CAG repeat expansion in the ataxin-7 (ATXN7) gene, with (CAG)x>3; alleles fully
penetrant (Johansson, 1998). The normal ATXN7 gene encodes a component of
the STAGA transcriptional activator complex (Helmlinger et al., 2004) and is ex-
pressed throughout many tissues (Cancel et al., 2000; Jonasson et al., 2002). The
mutant ATXN7 protein does misfold and causes intranuclear inclusions similar to
HTT (Holmberg, 1998). Despite many tissues expressing the mutant ATXN7 gene,
only the cerebellum, brainstem, and retina demonstrate severe degeneration (Martin
et al., 1994).

SBMA, similar to SCA7, is characterized by dysarthria and dysphagia, but is
accompanied by more extensive weakness of facial muscles. In addition, individuals
with SBMA experience twitching, cramping, and weakness in the arms and legs as well
as hormonal abnormalities (Sperfeld et al., 2002; Dejager et al., 2002; Katsuno et al.,
2006). The causal mutation is a CAG expansion in the androgen receptor (AR) gene
on the X chromosome and affects only men. Alleles of (CAG)>4o are fully penetrant.
Upon binding by hormone ligand, the normal androgen receptor translocates into
the nucleus and binds DNA, regulating transcription of androgen responsive genes

(Bolton et al., 2007). The mutant androgen receptor unfolds upon ligand binding
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and forms intranuclear inclusions (Katsuno et al., 2002; Takeyama et al., 2002). As
noted in the previous CAG disorders, despite widespread expression of the mutant
polyQ protein, cellular degeneration is restricted to specific tissues. For SBMA, these
regions include the brainstem and spinal cord (Lieberman & Fischbeck, 2000).

To summarize, HD, SCA7, and SBMA are three of nine CAG repeat expansion
disorders. Mutant polyQ proteins misfold, form inclusions, and disrupt many cellular
processes through both gain and loss of function mechanisms. Interestingly, all three
of the affected genes are involved in transcriptional regulation, and, naturally, tran-
scriptional dysregulation is a common molecular consequence of the polyQ expansion.
The genetic context of the CAG expansion determines specific regions within the CNS
that degenerate. Although cell death only occurs in CNS regions, peripheral tissues

do exhibit significant dysfunction in all three disorders.

4.3 Severe Muscle Pathology, An Early And Severe
Symptom

In many CAG disorders, the bulk of research has focused on CNS pathology because
the CNS is the site of extensive degeneration and strongly linked to phenotypic man-
ifestations of the disease. Recently, however, an effort has been .made to study CAG
disorders from a systemic perspective. An emerging peripheral phenotype common

to the CAG disorders is severe muscular dysfunction.

Muscle dysfunction is an early feature in HD. Muscle from pre-symptomatic HD
individuals shows a one-third decrease in ATP generation (Lodi et al., 2001). One
pre-symptomatic individual, a marathon runner, developed severe muscle fatigue and
pain prior to choreic manifestation (Kosinski et al., 2007), suggesting additional stress
can expedite the deterioration of muscle. Muscle biopsies from HD patients with a
clinical diagnosis exhibit an even more significant impairment in ATP generation than
pre-symptomatic individuals (Lodi et al., 2001). Gene expression studies from these

muscle biopsies demonstrate a transition from fast-twitch to slow-twitch fiber com-
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position (Strand et al., 2005). Muscle cultures from patients exhibit HTT aggregates
(Ciammola et al., 2006), elongated and morphologically compromised mitochondria
(Ciammola et al., 2011), and impaired PGC-1la activity (Chaturvedi et al., 2009).
Both transgenic and knock-in mouse models faithfully recapitulate these disease pro-
cesses (Ribchester et al., 2004; Chaturvedi et al., 2009; Gizatullina et al., 2006; van der
Burg et al., 2009; Zielonka et al., 2014).

Muscle has not been extensively studied in SCA7 despite commonly observed
muscle atrophy in patients. Muscle biopsies that have been examined from individ-
uals with SCA7 do display intranuclear inclusions, autophagic vacuoles, mislocalized
mitochondria, and impaired activity of mitochondria complex IV and I activity (Fors-
gren et al., 1996; Ansorge et al., 2004). SCA7 model mice do suffer from early muscle

wasting (Yoo et al., 2003) and have abnormal muscle mitochondria (Han et al., 2010).

Early signs of SBMA are muscle cramping and elevated creatine kinase levels in the
serum. Muscle biopsies from SBMA patients exhibit both hypertrophic and atrophic
fibers. Fibers have structural changes such as fiber splitting and nuclei clumping,
and even replacement of muscle fibers with adipose tissue is observed (Sobue et al.,
1989). The AR113Q SBMA knock-in mouse model recapitulates these myopathic
changes around 10-13 weeks, long before degeneration of the spinal cord is evident at
~24 months (Yu et al., 2006). For example, hind-limb muscle of AR113Q mice has
large rounded muscle fibers with central nuclei. Intranuclear inclusions comprised of
mutant AR are visible. A reduction of neurotrophic factors NT-4 and GDNF is found
in the muscle of mutant animals. Together, these early myopathic and neurotrophic
changes may facilitate spinal cord neuron dysfunction and degeneration in a non-cell

autonomous manner (Yu et al., 2006).
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4.4 The Therapeutic Benefit of Rescuing Muscle in
CAG Expansion Disorders

A testament to the intrinsic and severe nature of muscle pathology in CAG expansion
disorders is the therapeutic benefit from therapies administered peripherally in disease
models. For example, using a knock-in model of SBMA, Lieberman et al. demon-
strated that subcutaneous administration of antisense oligonucleotides suppressing
mutant AR expression could rescue deficits in muscle weight, fiber size, grip strength,
and muscle transcriptional dysregulation, as well as extend lifespan (Lieberman et al.,
2014). SBMA mouse phenotype can also be improved with peripheral overexpression
or administration of IGF-1, suggesting trophic support in the muscles slows degener-

ation of spinal cord neurons (Rinaldi et al., 2012; Palazzolo et al., 2009).

A similar phenotypic rescue was observed in transgenic HD mice expressing an-
other transgene - mutant heat shock transcription factor 1 (HSF1). HSF1 induces
expression of many heat shock genes and signals a cellular program to prevent abnor-
mal protein folding and aggregation. The HSF1 mutant in the HD transgenic mice
was more readily activatable due to a mutation in a domain that suppressed trimer-
ization, a necessary step for DNA binding. The double transgenics (mutant HTT /
mutant HSF1) had reduced aggregates in muscle, reduced muscle weight loss, and
reduced muscle fiber structural defects compared to the single mutant H7'7T" transgen-
ics. Interestingly, the lifespan of these mice was significantly improved even though
the active HSF'1 was only expressed in the heart, stomach, spleen, muscle, and testis

(Fujimoto et al., 2005).

These findings do not suggest that muscle pathology is completely intrinsic. But
the therapeutic rescue illustrates that a considerable contribution to muscle pathology

comes from peripheral disturbances by mutant huntingtin.
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4.5 The Role of Splicing in Muscle

Proper muscle structure and function relies on an extensive alternative splicing pro-
gram. More than 90% of human genes have alternative splicing (Wang et al., 2008)
and most of the alternative events are regulated by tissue type. Muscle, brain, testis,
and heart display the most alternative splicing events, consistent with their very
specialized functions. The muscle-specific splicing program consists of > 1,000 al-
ternative splicing events (Castle et al., 2008). And the muscle splicing signature is

largely retained across mammals and is even found in chicken (Merkin et al., 2012).

Alternative splicing is a delicately coordinated process and there are several tissue
specific splicing factors known to be important regulators of the alternative splicing
in muscle. Deep sequencing of a conditional Rbfor! knockout mouse identified 209
mis-splicing events in muscle. Many genes in which these events occur are involved
in calcium regulation and cytoskeleton maintenance. These mice displayed reduced
myofiber size, I-band disorganization, perturbed calcium homeostasis, and reduced
force generation (Pedrotti et al., 2015). Other important muscle splicing factors
include RBM24 (Yang et al., 2014) and the muscleblind-like proteins (Konieczny
et al., 2014).

4.6 Mutant PolyQ Proteins and Splicing

Our RNA-Seq data on HD muscle has shown transcriptional dysregulation of two
alternative splicing factors (Figure 4-1A). On the protein level, RNA-binding proteins
are amongst the interacting partners that have disrupted interactions with mutant
Htt and are sequestered in intracellular aggregates. A summary table ‘of identified
aberrant interactions between splicing involved proteins and mutant Htt are listed
in Table 4-2. Of note, the splicing protein Fus is one of the dominant components
of aggregates in an HD cell model and is found in intranuclear inclusions in R6/2
mouse and human patient tissue (Doi et al., 2008); furthermore, mutations in Fus

have been implicated in amyotrophic lateral sclerosis (Zhou et al., 2013; Orozco &
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Edbauer, 2013; Daigle et al., 2013). A yeast two-hybrid screen using the N-terminus
of Htt identified interactions with two other splicing related proteins: Prpf40a and
Prpf40b (Faber et al., 1998). Follow-up studies on Prpf40a have demonstrated a
greater binding affinity to Htt with an expanded repeat as well as sequestration of
the normally nuclear splicing factor in the cytoplasm. Splicing efficiency of a reporter
gene was shown to be reduced in the presence of mutant Htt and mediated through

Prpf40a loss of function (Jiang et al., 2011).

Yu et al. has shown that SBMA model mice have increased expression of the
RNA-binding protein Cugbp! and mis-splicing of two Cugbpl regulated genes, chlo-
ride channel 1 Clenl and muscleblind-like protein 1 Mbnll (Yu et al., 2009). The
authors also tested a non-Cugbpl regulated mini-gene, calcitonin/calcitonin gene-
related peptide (CT/CGRP), and observed a significant shift in the ratio of CT to
CGRP transcripts (Yu et al., 2009), suggesting the mutant AR receptor disturbs RNA
splicing both through Cugbpl and other splicing factors. While we did not observe
Cugbpl transcriptional dysregulation in our SBMA mouse muscle, we did observe a

significant decrease in Mbnl1 (Figure 4-1B).

Splicing in SCA7 has been unexplored. However, it was demonstrated that the
transcriptional STAGA complex (which contains ATXN7) may interact with the SF3b
splicing complex (Martinez et al., 2001), which is not surprising given RNA synthesis
and RNA splicing are coordinated (Maniatis & Reed, 2002). As in HD, it is also
possible for RNA-binding proteins to be in aggregates, although this is still an open
question. In addition, we found transcriptional dysreguation of several alternative
splicing factors (Figure 4-1C).

Given the aberrant expression and activity of splicing machinery in HD, SBMA|
and SCA7, we hypothesized that mutant polyQ proteins may impact the splicing pro-
cess in muscle on a genome-wide level and this could be a cause of muscle atrophy.
We evaluated our RNA-sequencing data for perturbation of splicing genome-wide.
Briefly, we investigated splicing in HD transgenic mice (R6/2), knock-in SBMA mice
(113Q), and knock-in SCA7 mice (100Q). We evaluated five types of splicing events:

skipped exons (SE), mutually exclusive exons (MXE), retained introns (RI), alterna-
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tive 5 splice sites (A5SS), and alternative 3’ splice sites (A3SS); these event types

are summarized in Figure 4-2.

4.7 Method of Global Splicing Analysis in CAG Ex-

pansion Disorders

We utilized the mixture-of-isoforms (MISO) framework (Katz et al., 2010) to analyze
splicing in our HD, SBMA, and SCA7 datasets. MISO calculates Percent Spliced
In (PSI ¥) values - the fraction of mRNAs that represent the inclusion isoform
for an event. Default parameters for sampling were used: burn in=>500, lag=10,
num_ iters=5000. We only included events in our analysis that met the following
inclusion criteria: events were supported by a minimum of 40 reads, the PSI value
confidence intervals for a given event did not span > 0.4 (40% range), and events

were expressed in at least 2 animals / genotype, across all genotypes.

4.7.1 Annotations

Splicing events were obtained from the MISO annotations page: http://genes.mit.
edu/burgelab/miso/docs/annotation.html. Annotations were version 2, compiled

June 2013. A summary of their derivation, as stated in the MISO documentation:

"These annotations were derived by considering all transcripts annotated
in Ensemble genes, knowGenes (UCSC) and RefSeq genes. The flanking
exons to alternative exons were chosen by taking the shortest stretches
of flanking that are most common among the annotated transcripts for a

gene."

Gene symbols and accession identifiers for events were included in the provided

annotations.
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4.7.2 Differential Splicing Analysis

We first assessed the consistency of biological samples. A metric we termed SigDiff was
calculated to incorporate both the difference between wildtype and mutant samples
and variance within each genotype. We also wanted to assess if a calculated SigDiff
score could be the result of chance, so we generated a SigDiff score for each possible
combination of genotypes and calculated a Z-score for the correct SigDiff. Below is

an example calculation for one gene for a set of 2 wildtype and 2 mutant samples:

1. Calculate a delta vector: absolute value of each pairwise delta (A) PSI (¥)

Delta = {|wtl¥ — mutl¥|, |wtlV — mut2V¥|, |[wi2¥ — mutl¥|, [wi2¥ — mut2¥|,

|wtlW — wi2¥|, |mutl¥ — mut2¥|}

or written as

Delta = {|Awt1¥, mut1 V|, |Awtl W, mut2¥|, |Awt2¥, mutl V|, |Awt2¥, mut2¥|,

[Awt1W, wit2V|, |Amutl¥, mut2¥|}

2. Calculate the SigDiff value: Average of deltas (As) between wildtype and mu-
tant samples minus the average of deltas (As) within wildtype and mutant

genotypes
SigDif f = (AU between genotypes) — (AW within genotypes)
or written as

SigDif f = (Awt¥, mut¥) — (Awt¥, wt¥, Amut¥, mut¥)

3. Calculate the SigDiff for every combination of genoptypes to generate the range
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of SigDiff scores possible by chance for selected gene

. . 4 samples
Random = SZgszf( P C'2 samples per genotype)

4. Generate Z-score to assess if SigDiff above random background

SigDif f — (Random)
sd(Random,)

7 — score =

Events were filtered as follows:

e An event needed to have a biologically interesting difference between wildtype
and mutant PSI ¥ values. We set this at a 15% difference, slightly more strin-
gent than thresholds used in literature (Katz et al., 2014; Wang et al., 2008;
Pedrotti et al., 2015). As an example, in our SCA7 dataset, of the 16,354
events with sufficient