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ABSTRACT OF THE DISSERTATION

Fan1 and Huntingtin Uninterrupted CAG Repeats in Huntington’s Disease

by

Jeffrey Bryan Richman
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2020

Professor Xiangdong William Yang, Chair

Huntington’s disease (HD) is the most common monogenic, neurodegenerative disease.
Despite identifying the causal mutation over 20 years ago, there are no disease-modifying
treatments currently available for HD patients. A recent genome wide association study has
identified several potential genetic modifiers of HD, including FAN1, but validation and further
mechanistic investigation is needed. To determine whether Fanl is a maodifier of HD and to
elucidate the mechanisms involving Fanl that hasten or delay HD onset, | crossed a Fanl
knockdown (Fan1-KD) mouse model with a knock-in model of HD with 140 CAG repeats. |
found that Fan1-KD caused minimal effect on gene transcription, but a significant enrichment of
oligodendrocyte and microglia genes was observed. Fan1-KD led to increased mutant
huntingtin (mHtt) aggregates in the striatum of HD mice. Lastly, Fan1-KD lead to increased
somatic mHtt CAG repeat instability in the liver at 6m, but not 12m, but showed minimal impact
on somatic CAG repeat instability in the brain of HD mice. Our findings suggest that Fanl may
act as a modifier in HD by protecting oligodendrocytes from mHtt-induced toxicity and

preventing a non-cell autonomous exacerbation of striatal pathology. | also helped characterize



a novel full-length human huntingtin genomic mouse model, known as BAC-CAG, with roughly
120 uninterrupted CAG repeats. BAC-CAG mice show robust behavioral phenotypes, age-
dependent striatal transcriptionopathy, nuclear accumulation of mMHTT and age-dependent
increase in somatic mHTT CAG repeat instability. We also demonstrate that indices of somatic
mHTT CAG repeat instability in the cortex and striatum correlate to activity/sleep-related
behavioral deficits in BAC-CAG mice. Together, my results provide novel mechanistic insights

into recently identified modifiers of HD age of onset.
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CHAPTER 1:

Introduction

1.1.1. Huntington’s disease

Huntington disease (HD) is the most common monogenic, neurodegenerative disorder in
the developed world, with roughly 1 in 7,300 individuals in Western populations affected (Evans
et al., 2013; Fisher and Hayden, 2014; Morrison et al., 2011). The disease-causing mutation is
an expansion of a CAG repeat in exonl of the huntingtin (HTT) gene (Group, 1993). Most
unaffected individuals possess HTT alleles with <20 CAG repeat lengths (Kay et al., 2016),
while individuals with >40 huntingtin CAG repeats will develop the disease and people with 35-
40 CAG repeats show variable penetrance (McNeil et al., 1997; Orr and Zoghbi, 2007). Roughly
5-8% of diagnosed patients are de novo cases (Squitieri et al., 1994; Warby et al., 2009), which
inherit a mutant huntingtin (mHTT) allele from a parent without known diagnosis of the disease.
In de novo cases, a parent typically possesses a huntingtin allele of 27-35 CAG repeats, which
expands to disease-causing lengths during meiosis (Semaka et al., 2013a; Semaka et al.,
2013b).

An inverse relationship between CAG repeat length and age of onset of HD symptoms
exists, in which longer CAG repeats lead to earlier onset of symptoms (Bates et al., 2015).
Typically, onset begins around 45 years of age, although individuals with >60 CAG repeats can
develop symptoms before the age of 20, known as Juvenile HD (Andresen et al., 2007). HD
patients develop a progressive movement disorder. Early in the disease, patients commonly
develop “chorea,” an involuntary, dance-like movement (Bates et al., 2015). Parkinsonian
symptoms, such as dystonia, bradykinesia, and rigidity, are often seen in late-onset and juvenile

HD patients and are progressive with disease (Reilmann, 2019). Cognitive impairments are also



seen in HD patients, including problems with attention, mental flexibility, planning, emotion
recognition, and cognitive slowing (Stout et al., 2016; Stout et al., 2011). Psychiatrics symptoms
such as depression, irritability, and apathy are also be seen in HD patients, but prevalence of
these symptoms is more variable (Thompson et al., 2012). Lastly, HD patients often experience
sleep disturbances, with many patients having difficulty sleeping at night and staying awake

during the day (Morton, 2013).

1.1.2 Cellular pathology of Huntington’s disease

Massive degeneration of neurons in the basal ganglia and, to a lesser extent, cortex is a
hallmark of HD pathology (Mattsson et al., 1974). The caudate and putamen appear to be
especially vulnerable, with neuronal loss preceding that of cortex (Dumas et al., 2012; Paulsen
et al., 2010). Late in disease other brain regions, including the cerebellum, also show evidence
of degeneration, although not to the same degree as the caudate and cortex (Jeste et al., 1984;
Kremer et al., 1991; Schmitz et al., 1999; Vonsattel and DiFiglia, 1998).

Before overt neuronal loss manifests in the HD brain, deficits in cortico-striatal
communication emerge. Morphometric and histological studies in postmortem HD brains show
myelin breakdown and loss of white matter volume (Bartzokis et al., 2007; de la Monte et al.,
1988; Mann et al., 1993). Decreased trophic support from cortex to striatum (Plotkin et al., 2014;
Zuccato et al., 2001; Zuccato et al., 2005) and aberrant cortico-striatal signaling likely
contributes to the shift from vulnerable neuronal populations to the outright death of susceptible
cells (Cepeda et al., 2007; Raymond et al., 2011). As well, loss of connectivity might underlie
many of the early clinical decrements (Tabrizi et al., 2009).

To distinguish the importance of mHTT-dependent pathology in the cortex and striatum
on overall HD phenotypes, Wang et al. (Wang et al., 2014a) used a full-length human mHTT

genomic transgenic mouse model of HD, which has two loxp sites flanking HTT exonl



(BACHD), to selectively reduce mHTT expression in either the cortex , striatum, or both regions.
Interestingly, selectively reducing mHTT expression in the cortex, but not the striatum, lead to a
partial rescue of psychiatric-like behavioral symptoms and motor deficits in BACHD mice, and
the greatest rescue of deficits occurred when mHTT was removed from both brain regions. This
study highlights the important role of mHTT-related cortical pathology in striatal pathology and
HD overall. It also laid out a framework where other labs could use BACHD mice to study the
role of mMHTT expression in specific cell-types and brain regions to study HD pathogenesis.

The GABAergic medium-spiny neurons (MSNS) in the striatum are the most vulnerable
cell-types to neurodegeneration in HD (Vonsattel et al., 1985). The D2 dopamine receptor
expressing MSNs in the “indirect” pathway appear to be affected earlier than D1 expressing
MSNs (Aizman et al., 2000; Richfield et al., 1995; Sapp et al., 1995; Surmeier et al., 1996) in the
“direct” pathway. This may be due to intrinsic cell-autonomous differences (Heiman et al., 2008;
Lobo et al., 2006) or cell-nonautonomous difference between these cell types, such as
differential cortical innervation of these subpopulations of MSNs (Lei et al., 2004). The second
most vulnerable neurons in HD are the glutamatergic pyramidal neurons in middle and deep
cortical layers (Cudkowicz and Kowall, 1990; Hedreen et al., 1991; MacDonald and Halliday,
2002; Wall et al., 2013)

While dysfunction and degeneration of the vulnerable striatal and cortical neurons tend
to receive the most attention in HD research, glial cells of the brain also develop a number of
mHTT-induced pathologies (Benraiss et al., 2016). HD post-mortem brains show astrocytosis
and the number of GFAP-positive reactive astrocytes is correlated with the gradient of striatal
neurodegeneration (Lee et al., 2013; Vonsattel et al., 1985). Astrocytes play a critical role in
normal brain functions, including glutamate uptake (Bezzi et al., 2004), modulating synapses
(Fiacco and McCarthy, 2004), neuronal metabolism (Brown and Ransom, 2007; Pfrieger and

Ungerer, 2011), and neuroinflammatory responses (Carson et al., 2006; Glass et al., 2010).



Interestingly, reactive astrocytes are not commonly seen in the HD cortex, even in regions with
neuronal loss and microglia activation (Palpagama et al., 2019; Sotrel et al., 1991). BACHD
mice with mHTT depleted in astrocytes show a rescue of motor, synaptic marker, and
electrophysiological deficits (Wood et al., 2019), demonstrating the crucial role astrocytes play
in the disease.

Postmortem HD brains are also marked by accumulation of reactive microglia (Tai et al.,
2007). Microglia are the resident immune cells of the brain (Frost and Schafer, 2016). At
baseline, microglia are in a surveilling state but following an inflammatory stimulus, microglia
become activated to respond and take part in an inflammatory response. Microglial density and
activation can be detected up to 15 years prior to symptom onset and increased microglial
activation is correlated with greater disease severity and striatal neuron loss (Pavese et al.,
2006). Mutant huntingtin expression in microglia has been shown to dysregulate transcription
and contribute to the disease in mouse models (Crotti et al., 2014). Interestingly, depletion of
mHTT in microglia shows no significant rescue of behavioral performance in BACHD mice
(Petkau et al., 2019). These conflicting findings, in part due to the lack of full neurodegenerative
and neuroinflammatory pathology of these models compared to the patients, suggests further
studies are needed to delineate the precise pathogenic and therapeutic roles of microglia in HD.

Another cell-type which is affected early in HD is oligodendrocytes (OLs), which play an
important role in ensheathing the axons of projection neurons and cortico-striatal connectivity.
White matter abnormalities appear very early in the disease course, many years before
neurological onset in patients (Paulsen et al., 2008; Rosas et al., 2018; Tabrizi et al., 2009) and
before any neuronal loss in animal models of HD (Teo et al., 2016; Xiang et al., 2011). Deficits
in OLs or their precursors can lead to axonal pathology and neurodegeneration (Nave, 2010).
BACHD mice with mHTT depleted in OLs show rescued behavioral deficits (rotarod, open field,

forced swim), highlighting their important contribution to HD neuropathogenesis (Ferrari Bardile



et al., 2019). As well, (Osipovitch et al., 2019) showed that human glial progenitor cells (hGPCs)
from HD patient embryonic stem cells showed downregulation in OL-specific transcription
factors (e.g. OLIG2, MYRF) and showed deficits in glial differentiation causing reduced
myelination in the mouse brain. Thus, it is likely that mHTT-induced OL-pathology may play an

important role in early HD deficits and diverse array of symptoms.

1.1.3 Molecular Pathology of Huntington’s disease

Within the cells which are most affected in HD, a myriad of molecular dysfunctions and
pathologies are at play. The normal function of HTT is not fully understood, but it is known to
play diverse functions (Cattaneo et al., 2005; Saudou and Humbert, 2016), including but not
limited to development of the nervous system, transcriptional regulation, vesicular transport of
cargos such as brain-derived neurotrophic factor (BDNF), cell adhesion, mitotic spindle
orientation, synaptogenesis and neuronal survival (Burrus et al., 2020; Dragatsis et al., 2000;
Duyao et al., 1995; Godin et al., 2010; McKinstry et al., 2014; Zeitlin et al., 1995; Zuccato and
Cattaneo, 2014). The poly-glutamine (polyQ) expansion in the huntingtin protein is believed to
be mostly a toxic gain-of-function mutation, but one cannot fully rule out a role of partial HTT
loss-of-function in HD pathogenesis (Landles and Bates, 2004; Ross and Tabrizi, 2011). Mutant
huntingtin expression is known disrupt a number of pathways including protein homeostasis and
degradation and cause transcriptional dysregulation and mitochondrial dysfunction (Bates et al.,
2015; Labbadia and Morimoto, 2013; Ross and Tabrizi, 2011).

A pathological hallmark of HD is the presence of mHTT aggregates in the form of large
intranuclear inclusions (Nis) and cytoplasmic aggregates (DiFiglia et al., 1997). These inclusions
occur predominantly in the cortical and striatal neurons, but could also be in other cells that
have entered mitotic arrest, which suggests that cell division acts to delay the pathogenetic

process (Moffitt et al., 2009). Several reports have provided evidence that large mHTT-



containing inclusions are not correlated with cytotoxicity (Kim et al., 1999) and might even be
protective (Arrasate et al., 2004). How mHTT aggregation impacts HD pathology remains
unclear but understanding how different species of aggregates impact cellular physiology may
be critical to understanding their role in HD pathogenesis (Arrasate and Finkbeiner, 2012;
Ratovitski et al., 2009).

Studies of transcriptional changes in post-mortem HD patient brains (Agus et al., 2019;
Hodges et al., 2006; Labadorf et al., 2015) and mouse models of HD (Langfelder et al., 2016)
have revealed 1000s of gene transcripts which show an age-dependent dysregulation in the
striatum and relatively fewer genes changing in the cortex. The greatest number and magnitude
of differentially expressed mRNAs are detected in the caudate nucleus/striatum (Hodges et al.,
2006; Langfelder et al., 2016). By analyzing an allelic series of mutant huntingtin knock-in mice
with 20, 80, 92, 111, 140, and 175 CAG repeat lengths, our lab was able to identify 13 striatal
and 5 cortical modules of coexpressed genes, defined by Weighted Gene Coexpression
Network (WGCNA) analysis, that are significantly correlated with CAG length and age
(Langfelder et al., 2016). Top striatal modules implicate mHTT CAG repeat expansion and age
in graded impairment of striatal MSN identity gene expression, dysregulation of cAMP signaling,
and increase in cell death and protocadherin gene expression. Interestingly, several modules
were enriched with glial genes (M11, M20, and M45), highlighting the role these cells play in
HD. As well, some unpublished data from our lab that will be discussed in Chapter 3 shows that
transcriptional changes in the striatum of HD mouse models is predicted by length of
uninterrupted CAG, but not polyQ length.

Besides the impact that changes in mMRNA expression have on altering protein
expression and activity, RNAs themselves can cause molecular pathologies as well. For
example, an antisense transcript to huntingtin that contains a CUG repeat was identified in

human brain tissue (Chung et al., 2011) and is able to repress HTT transcription in a reporter



cell line, in a CAG repeat length-dependent manner. In myotonic dystrophy, expanded CUG
repeats form RNA foci that can sequester various RNA binding proteins (Conlon et al., 2016;
DeJesus-Hernandez et al., 2011; Mankodi et al., 2000; Taneja et al., 1995; Timchenko et al.,
2001; Wojciechowska and Krzyzosiak, 2011). This may result in a potential disruption of cellular
homeostasis or act as sites of nucleation for protein aggregation (Todd and Paulson, 2010).
(Banez-Coronel et al., 2012) showed that mMHTT mRNA can be cleaved by Dicer to create small
CAG-repeat RNAs which decrease neuronal viability by inhibiting expression of CAG repeat
containing RNAs. Lastly, incomplete splicing of mHTT exon 1, leading to the retention of intronl,
has been found in full-length HTT mouse models of HD as well as HD patient post-mortem
brains (Neueder et al., 2017; Sathasivam et al., 2013). Expression of this truncated mHTT
MRNA is proportional to CAG-repeat length and that encodes the highly pathogenic mHTT exon
1 protein. Interestingly, the partial mMHTT exon 1-intron 1 RNA transcript can also be found in
BACHD and YAC128 models, suggesting it is not dependent on uninterrupted CAG repeats.

Oxidative stress and DNA damage have also been shown to contribute to HD molecular
pathology in HD patients, animals, and cells (Browne and Beal, 2006). The high oxygen
demand of the brain exposes its cell to numerous reactive oxygen species (ROS), which can
lead to DNA damage (Cooke et al., 2003). Further oxidative damage can arise as a result of
inflammation. DNA damage in neurons is predominantly single stranded and CAG repeats might
be especially susceptible to damage such as hydrolytic depurination (i.e. loss of A or G) and
cytosine deamination (Lindahl, 1993). “Programmed” DNA strand breakage can also be a
source of DNA damage. Topoisomerases, which can introduce temporary single- or double-
strand breaks in DNA to regulate supercoiling, are essential for the expression of long genes
(e.g. HTT) and are particularly important in the brain (King et al., 2013; Zylka et al., 2015).

The DNA damage response involves over 450 genes in humans and subsets of these

DNA repair genes are deployed depending on the type of DNA damage, type of cell, and stage



of cell cycle (Pearl et al., 2015). For DNA double strand break repair, dividing progenitors in
S/G2 phase use accurate homologous recombination (HR), while mature postmitotic neurons in
GO/G1 rely upon less accurate nonhomologous end joining (NHEJ) (Massey and Jones, 2018).
Single strand breaks (SSBs), on the other hand, are usually repaired by processes known as
base excision repair (BER), nucleotide excision repair (NER) or mismatch repair (MMR). BER is
responsible for most oxidative or alkylation DNA damage. In mitotic cells, genomic errors
formed during DNA replication are repaired by MMR. These pathways can also be used for non-
canonical repair. For example, MMR enzymes have been shown to recognize and repair mis-
paired bases in nondividing yeast cells (Rodriguez et al., 2012).

An area of HD research which has gained a lot of interest recently is the instability of
mHTT CAG repeats. Uninterrupted trinucleotide repeats show a length-dependent instability in
both dividing cells, such as during meiosis (Kremer et al., 1995; Ranen et al., 1995), and in
post-mitotic cells, which is known as “somatic” instability (Kennedy et al., 2003). In HD mouse
models with repeat instability, most tissues (e.g. cerebellum, tail) show relatively stable CAG
repeat lengths. However, the liver, striatum, and sometimes the cortex, show robust instability
that is biased towards repeat expansion and is progressive with age (Larson et al., 2015; Lee et
al., 2011; Lee et al., 2010) (unpublished data from our lab). mHTT CAG repeat expansion has
also been found in post-mortem human patients’ brains (Kennedy et al., 2003), however the
exact role instability plays in HD is not fully understood. HD mouse models with CAA interrupted
CAG repeats (both encode glutamine) and lack repeat instability, such as YAC128 (Hodgson et
al., 1999; Slow et al., 2003) and BACHD (Gray et al., 2008), still develop neuropathology
suggesting the somatic instability is not required for certain aspects of HD pathology manifested
in these models. However, somatic instability may still act as a modifier of HD since CAG repeat
instability in the post-mortem human cortex is correlated with disease onset in HD patients

(Swami et al., 2009).



How tissue-specific CAG instability emerges is unclear but some evidence suggests that
differences in stoichiometric expression levels of repair proteins are associated with variable
levels of CAG repeat instability (Goula et al., 2009; Goula et al., 2012). Another question being
considered by investigators is, how do CAG repeats become unstable in post-mitotic cells? A
parsimonious theory is that error prone repair of DNA lesions near CAG repeats may cause
contraction or expansion of the repeats (Massey and Jones, 2018; Schmidt and Pearson, 2016).
Indeed, tandem repeats can readily adopt noncanonical conformations in DNA, such as slipped
strands, hairpin loops, G-quadruplexes and R-loops (Mirkin, 2007; Neil et al., 2017), and
processing of lesions at repeats may lead to instability. For example, formation and processing
of slipped-DNAs and bidirectional transcription in a human cell model (such as occurring at
HTT) have been shown to increase CAG repeat instability (Haeusler et al., 2014; Kadyrova et
al., 2020; Lin et al., 2010; Lin et al., 2009; Nakamori et al., 2011; Pluciennik et al., 2013; Reddy

et al., 2014; Schmidt and Pearson, 2016; Zhang et al., 2012).

1.2.1 Modifiers of Huntington’s Disease age of onset

Although the disease-causing mutation of HD was discovered more than 20 years ago
(Group, 1993), there are no disease-modifying treatments currently available for HD patients.
Recent clinical trials for HTT lowering therapies using anti-sense oligonucleotides (ASOs) or
adeno-associated viruses (AAVs) have shown promising pre-clinical and clinical data (Leavitt
and Tabrizi, 2020; Tabrizi et al., 2019b). But evidence suggesting HTT plays a role in survival of
post-mitotic cells (De Souza and Leavitt, 2015) has led to concerns over the negative effects of
lowering wildtype huntingtin expression in the adult brain. This has encouraged research into
allele-specific mHTT lowering and research into therapeutics which do not target HTT. As well,

treatments targeting other genes/proteins can be used synergistically as an adjunctive therapy



with HTT lowering drugs, if shown to be safe. Thus, clinicians and investigators have sought to
identify modifiers of HD pathogenesis.

mHTT CAG repeat length explains ~60% of individual variation in HD age of onset
(Djousse et al., 2003) and the remaining variance is largely heritable. This suggests that genetic
modifiers of the disease may exist. To identify novel HD modifiers, the Genetic Modifiers of
Huntington’s Disease (GeM-HD) Consortium (GeM-HD, 2015, 2019) led a genome-wide
association (GWA) study, which now includes over 9,000 HD patients. Briefly, the residual age
of onset (i.e. the difference in ‘predicted’ age of onset based on CAG repeat length and ‘actual’
age of onset) for each patient was calculated. Patients were then genotyped using microarrays
and patient haplotypes were imputed using the Haplotype Reference Consortium (HRC;
(McCarthy et al., 2016)). Using this approach, GeM-HD was able to identify genetic
loci/haplotypes which are significantly associated with residual age of onset of HD motor
symptoms. Near the significant genetic loci are a number of genes which have the potential to
hasten or delay onset and may represent therapeutic targets for HD.

One of the most significant discoveries of this study was that HTT uninterrupted CAG
repeat length is a better predictor of HD age of onset than HTT polyglutamine length (GeM-HD,
2019). The vast majority of the Western population carry a canonical CAG repeat region with an
uninterrupted CAG repeat followed by a terminal CAACAG sequence (both encoding
glutamine). Thus, the encoded polyglutamine (polyQ) repeat length is consistently 2 residues
longer than the uninterrupted CAG repeat. Individuals lacking the penultimate CAA have a
hastened age of onset than what would be predicted by their polyQ length. Similarly, individuals
with a duplication of the CAACAG have a delayed onset, compared to their predicted onset
based on polyQ length. This suggests that there may be some molecular pathologies which
depend on uninterrupted CAG repeats, separate from encoding glutamine, that affect timing of

HD onset.
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The GWA studies also highlighted the importance of DNA repair genes in modifying HD
age of onset. Many of the genetic loci identified contain genes associated with DNA repair
(PMS1, MLH1, MSH3, PMS2, FAN1, LIG1), while others (DHFR, TCERG1, RRM2B, UBR5,
CCDC82, SYT9) appear to be involve other cellular processes including mitochondrial

regulation.

1.2.2 DNA Mismatch Repair in Huntington’s Disease

By assigning significant single nucleotide polymorphisms (SNPs) to the nearest gene,
the GeM-HD consortium was able to carry out a pathway enrichment analysis, which highlighted
the mismatch repair (MMR) pathway as an important modifier of HD onset. Taken together with
the rate-determining property of the uninterrupted CAG repeats, this suggests that MMR genes
may influence HD onset through a DNA-level effect on somatic expansion of the HTT CAG
repeat. Indeed, previous studies have shown that MMR proteins affect trinucleotide repeat
instability (Dragileva et al., 2009; Manley et al., 1999; Massey and Jones, 2018; Pinto et al.,
2013) and somatic CAG expansion in the human cortex is a significantly correlated with HD age
of onset (Swami et al., 2009).

In Escherichia coli, MutS and MutL are required to initiate MMR and act as homo dimers
(Modrich and Lahue, 1996). MutS is involved in DNA mismatch recognition and MutL physically
interacts with MutS to enhance mismatch recognition and act as a molecular matchmaker to
facilitates assembly of a functional MMR complex (Sancar and Hearst, 1993). MMR is a highly
conserved biological pathway and several human MMR genes have been identified based on
their homology to MMR genes in E. coli. In humans, there are two heterodimer MutS
complexes: MutSa (MSH2-MSH6) and MutSB (MSH2-MSH3) (Drummond et al., 1995; Fishel et
al., 1993; Leach et al., 1993; Palombo et al., 1995; Reenan and Kolodner, 1992). MutSa

recognizes base-base mismatches and mispairs of 1 or 2 nucleotides, while MutS3
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preferentially recognizes larger mispairs. There are also three MutL heterodimer complexes:
MutLa (MLH1-PMS2), MutLB (MLH1-PMS1) and MutLy (MLH1-MLH3) (Bronner et al., 1994;
Nicolaides et al., 1994; Papadopoulos et al., 1994). Interestingly, MutLa, possesses
endonuclease activity that is required for mammalian MMR (Kadyrov et al., 2006).

The first study to show that MMR plays a role in mHTT repeats instability was (Manley et
al., 1999), who showed that Msh2 KO prevents CAG repeat instability. This was later expanded
upon by (Kovalenko et al., 2012) who showed that Msh2 KO in MSNs was sufficient to prevent
the majority of striatal somatic CAG repeat instability. Interestingly, Msh2 KO in MSNs also
delayed nuclear accumulation and aggregation of mHTT. A role for Msh complex proteins in
CAG repeat instability was further elucidated by (Dragileva et al., 2009), who showed that Msh3
KO, but not Msh6 KO, prevented CAG repeat instability in the striatum of Q111 knock-in mouse
model of HD. Interestingly, Msh3 KO also showed decreased nuclear mutant huntingtin staining
in Q111 mice, Taken together, these studies suggest that the MutSp (Msh2/Msh3) may play a
more important role in somatic CAG instability, compared to MutSa (Msh2/Msh6), that striatal
CAG repeat instability is mostly caused by instability within MSNs, and that instability plays a
role in enhancing/modifying HD striatal pathology.

A role for MutL complex proteins (MLH1 and MLH3) in mHTT CAG repeat instability was
later established in a study by (Pinto et al., 2013). This study found differences in somatic
instability of striatal CAG repeats in mice from different inbred backgrounds. By genotyping
these mice using a panel of 117 SNPs and correlating mouse genotype with somatic instability,
they were able to identify a single quantitative trait locus (QTL) which was near the MIh1 gene.
They then showed that Mlh1l KO prevents striatal and liver CAG repeat instability in Q111 mice.
They also showed that MIh3 KO (a binding partner of Mlh1) prevented CAG repeat instability,
suggesting MutLy plays a critical role in somatic CAG repeat instability. KO of either Mlh1 or

MIh3 led to decreased mHTT nuclear accumulation, suggesting a rescue or delay of HD
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pathology. A parallel study looking at the effects of MutL complex proteins in myotonic
dystrophy type 1 found that Pms2 KO eliminated somatic instability in kidney (Gomes-Pereira et
al., 2004), suggesting MutLa (MIh1/Pms2) is also involved in somatic repeat instability.

While several of studies have shown that MutS and MutL complex proteins are involved
in somatic instability of mHTT CAG repeats, a mechanistic model of how this occurs in post-
mitotic neurons has not been established. A review by (Schmidt and Pearson, 2016)
summarizes the present literature on how these proteins may work in concert to cause
trinucleotide repeat instability. MutS is required for repair of isolated, short slip-outs (1-3 excess
repeat units) (Panigrahi et al., 2010), while slip-outs with >3 excess repeat units are processed
independently of MMR (Panigrahi et al., 2005; Zhang et al., 2012). It has been proposed that
MutSp, but not MutSa, promotes trinucleotide repeat expansion through a non-canonic MMR
pathway (Gomes-Pereira et al., 2004; Keogh et al., 2017; Pinto et al., 2013; Tome et al., 2009),
and a role for slip-out size-dependent recruitment of MutL complexes has also been seen, with
both MutLa (MIh1/Pms2) and MutLy (MIh1/MIh3) being required for processing of short

CAG.CTG slip-outs (Panigrahi et al., 2012; Pluciennik et al., 2013).

1.2.3 The role of FAN1 in Huntington’s Disease

The genetic locus that was most significantly associated with modifying HD age of onset
was on Chrl5, near a gene called FAN1 (GeM-HD, 2019). In this region, two rare, onset
hastening haplotypes (15aml1 and 15am3) and two common, onset-delaying haplotypes (15am2
and 15am4) were identified. Interestingly, tag SNPs for 15am2 and 15am4 haplotypes are
significantly associated with cis-eQTLs for increased FAN1 mRNA expression in the cortex,
while 15am1 and 15am3 are tagged by SNP alleles that cause missense mutations (R507H and
R377W, respectively), which are predicted to be deleterious by the Sorting Intolerant From

Tolerant (SIFT) algorithm. SIFT predicts whether a SNP will be deleterious based off
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conservation of the amino acid affected across species, position at which the change occurred,
and the type of amino acid change (Ng and Henikoff, 2003). Taken together, this suggests that
FAN1 may play a protective role in HD.

FAN1 was first identified in a genetic screen for genes involved in the Fanconi Anemia
(FA) DNA repair pathway (Smogorzewska et al., 2010). The FA pathways has evolved to repair
DNA interstrand crosslinks (ICLs), which are life-threatening lesions that create a bidirectional
polymerase blockade. Human patients homozygous recessive for FAN1 mutations develop a
form of chronic kidney disease known as Karyomegalic Interstitial Nephritis (KIN) (Zhou et al.,
2012). These patients develop renal pathologies including widespread fibrosis and enlarged
nuclei known as karyomegaly. As well, cells from individuals with FAN1 mutations exhibit
sensitivity to the ICL-inducing agent, mitomycin C (MMC). Fanl KO mice also show ICL repair
deficits and karyomegaly in kidney and liver (Lachaud et al., 2016; Thongthip et al., 2016).
SNPs in Fanl have also been found to modify the onset of other polyglutamine diseases
(Bettencourt et al., 2016). FAN1 resides in the15q13.3 chromosomal locus where
microdeletions have been significantly associated with autism spectrum disorder (ASD), mental
retardation and psychiatric disorders (Ben-Shachar et al., 2009) and certain FAN1 variants are
significantly associated with ASD and schizophrenia (lonita-Laza et al, 2014).

FAN1 possesses 5' flap endonuclease and 5'-3' exonuclease activities (Kratz et al.,
2010). The FANL1 protein contains an N-terminal ubiquitin binding zinc finger (UBZ) domain, a
SAF-A/B, Acinus, and PIAS (SAP) DNA-binding domain, a TPR domain, and a C-terminal virus-
type replication repair nuclease (NUC) domain (Gwon et al., 2014; Kratz et al., 2010; Pennell et
al., 2014; Smogorzewska et al., 2010) (Figure 1). FAN1 has two modes of recruitment to ICLs,
one is very fast and depends on the SAP domain and the other is a slower accumulation that
depends on the UBZ domain (Thongthip et al., 2016). Recent crystallographic data revealed

that the SAP domain interacts extensively with the DNA (Gwon et al., 2014; Wang et al., 2014b;
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Figure 1: Schematic of human FAN1 Protein Domains

Zhang and Walter, 2014) and recognizes the sugar-phosphate backbone of the duplex region
downstream of the 5' flap (Zhao et al., 2014). The SAP domain is also involved in FAN1
dimerization, in which the TPR and NUC domains of the first FAN1 molecule interacts with the
SAP domain of a second FANL1.

The mechanism of how FAN1 acts as a modifier of HD age of onset is not yet
understood, but a parsimonious explanation may be that FAN1 protects against somatic mHTT
CAG repeat instability and that loss of FAN1 leads to CAG repeat expansion in vulnerable
striatal MSNs and cortical pyramidal neurons, which results in an earlier onset of HD pathology.
Evidence for this hypothetical model comes from a study of Fragile X mice in which Fan1l KO
lead to an increase in CGG repeats in mutant Fmrl mice (Zhao and Usdin, 2018). Another
study found that level of Fanl expression determines the rate of CAG repeat expansion in vitro
(Goold et al., 2019). Interestingly, their results suggest Fan1’s nuclease activity is not required
for protection against CAG repeat expansion. As well, while Fanl was found to interact with Htt
CAG repeats, it was not significantly enriched at CAG repeats throughout the genome. This
suggests that Fan1’s role is not specific to CAG repeat repair. Finally, unpublished study by

Vanessa Wheeler’s group showed viral-mediated, CRISPR/Cas9-based deletion of murine Fanl
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in an Htt knockin model (Q111) leads to increased mHtt CAG repeat instability in the liver and
striatum (CHDI HD Therapeutic Conference, 2019).

Another clue towards Fan1’s potential role in HD may come from its expression in
single-cell RNAseq datasets from human and mouse brains. Allen brain atlas has compiled a
well-curated bioinformatic tool to browse their human and mouse single-cell RNAseq data
(Tasic et al., 2018). From the human dataset of multiple cortical areas and mouse dataset of
cortex and hippocampus, Fanl expression is seen in both inhibitory and excitatory neurons,
including upper- and lower-layer cortical projection neurons. Interestingly, Fanl is also
expressed in cortical glia including astrocytes, microglia, and OLs. A single-cell RNAseq study
in the mouse striatum, from Steve Quake’s lab found Fan1 expression in striatal astrocytes,
OLs, ependymal cells, and D1- and D2-MSNs (Gokce et al., 2016b). Lastly, single-cell RNAseq
study from Steve McCarroll’s lab looking at 9 different regions of the adult mouse brain found
that striatal and cortical neurons and glia express Fanl, with OLs having the highest level of

expression in both tissues (Saunders et al., 2018).

1.3.1 Mouse models used to study Huntington’s disease

An important question to consider when designing an HD study is which model is best
suited to test my hypothesis? Should | use a human cell-line or a mouse model? What level of
disease severity do need? Thankfully, in the HD field there are a wide variety of models for
investigators to choose from. A common method of characterizing a disease model is based on
face, construct, and predictive validity (Nestler and Hyman, 2010). Face validity asks how well
the model recapitulates human patient molecular and behavioral phenotypes. Construct validity
addresses how similar the model’s disease-causing mutation is to the mutation seen in patients.
Lastly, predictive validity is a measure of how well treatments that are efficacious in the model

translate to treat human patients.
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Mouse models of HD can be grouped into three broad categories: (1) N-terminal HTT
fragment models, (2) full-length human HTT genomic models, and (3) HTT knock-in models.
Each type of model offers specific advantages and limitations, and proper consideration is
necessary to choose the appropriate model for a given study (Crook and Housman, 2011;
William Yang and Gray, 2011). For an excellent review of HD models and best practices, please
see “A Field Guide to Working with Mouse Models of Huntington’s Disease” which is a joint

publication by CHDI, Jackson Laboratories, and PsychoGenics, Inc. (Menalled et al., 2014).

1.3.2 N-Terminal HTT fragment mouse models of Huntington’s Disease

N-terminal HTT fragment lines carry a small portion of the 5" end of the human HTT
gene, including exon 1 which encodes the polyQ repeat region. The most well characterized N-
terminal fragment models are the R6/1 and R6/2 lines, which were the first HD mouse models to
be developed (Mangiarini et al., 1996). Many investigators choose to study these mouse models
for their robust and progressive neurological abnormalities, brain atrophy, and their accelerated
disease course including premature death, relative to other genetically engineered lines
(Menalled et al., 2009). As well, these models were useful in demonstrating that an N-terminal
mutant HTT fragment is sufficient to elicit disease-like phenotypes, including mHTT aggregates.
N-terminal HTT fragment models also show somatic CAG repeat instability in the cortex,
striatum, and liver (Larson et al., 2015).

While these models show strong face validity in terms of their advanced pathology and
behavior impairments, they are limited by a lack of overt cell loss, are prone to seizures, display
more widespread neuropathology than that seen in HD patients and premature death (Menalled
et al., 2009). Another limitation of the N-terminal fragment models is that they have relatively low
construct validity. While there is some evidence that impaired mHTT mRNA splicing can lead to

expression of mHTT-exonl fragments, human patients also express the full-length HTT protein.
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Thus, HD-pathology driven by the full-length mHTT protein cannot be studied in these models.
As well, the N-terminal fragment mice are engineered via pronuclear injection, with each
transgene integrating into the genome randomly with multiple copies of the transgene. Such

transgene insertion and copy number related phenotypes could also be a confounding factor.

1.3.3 Full-length Huntingtin transgenic mouse models of Huntington’s disease

Full-length HTT genomic mouse models use bacterial artificial chromosomes (BACs) or
yeast artificial chromosomes (YACS) to insert large pieces of human genomic DNA into the
mouse genome. The main advantage of this approach is that it allows the entire human
huntingtin locus (including promoter, enhancers, intronic regions, and other flanking genomic
regulatory regions) to be integrated along with the intact exons and introns (together encompass
the open reading frame or ORF) of the gene, which leads to more physiologically relevant
expression pattern and level(Yang and Gong, 2005). Other advantages of this method are that
the larger size of the transgene makes it more likely to integrate with low copy numbers (1-10
transgene copies) and are more insulated from the positional effects that are often seen in small
cDNA transgenic models.

The first full-length HTT genomic mouse models were the YAC18, YAC46, and YAC72
models (Hodgson et al., 1999). The YAC128 transgenic mouse line is the most characterized
YAC model. It expresses multiple copies of full-length human HTT with 125 glutamine repeats
encoded by a tract that is composed primarily of CAG codons with 9 interspersed CAA codons
(Pouladi et al., 2012), at roughly the same level (~75%) as the endogenous mouse HTT (Slow
et al., 2003). The BACHD mouse model, developed by our laboratory, contains full-length
human HTT with a floxed exon 1 containing 97 codons of a mixed CAG/CAA repeat tract, and
expresses human HTT at levels 2 to 3 times that of the endogenous mouse Htt (Gray et al.,

2008).
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In some respects, these models offer better face validity compared to the fragment
models. Genomic mouse models show a slower progressing disease course, with phenotypes
developing gradually over many months and showing relatively normal survival (Gray et al.,
2008; Menalled et al., 2009; Van Raamsdonk et al., 2005). As well, they show progressive
motor, cognitive and psychiatric-like behavioral deficits, and selective cortical and striatal
atrophy including a reduction in synaptic markers (synaptophysin, actn2, PSD95) at 12m (Gray
et al., 2008; Menalled et al., 2012; Slow et al., 2003; Wang et al., 2014a). BACHD mice also
show a robust sleep disruption phenotype with progressively declining amplitude of sleep
rhythms with age (Kudo et al., 2011).

Compared to the N-terminal HTT fragment models, the human HTT genomic mice have
higher construct validity because they contain the full-length human HTT gene in the context of
its endogenous genomic regulatory elements. This feature has made human genomic mice the
model of choice for translational research into HTT lowering therapies(Carroll et al., 2011,
Kordasiewicz et al., 2012; Monteys et al., 2017; Skotte et al., 2014; Wild and Tabrizi, 2017).

However, human genomic models also have several limitations, including minimal
transcriptional dysregulation, delayed mHTT aggregate formation and mostly lack of nuclear
inclusions, and an age-related weight gain (Gray et al., 2008; Van Raamsdonk et al., 2007) due
to overexpression of full-length human HTT (Pouladi et al., 2010). The latter is not seen in
patients and can partially affect behavioral endpoints (Gray et al., 2008; Menalled et al., 2009).
Another limitation of the human genomic models’ construct validity are the CAA codons that
interrupt the CAG repeat region, preventing the study of germline and somatic mHTT CAG
repeat instability and the potential toxicity of CAG and CUG repeat containing RNAs. Human
genomic HD models also offer improved predictive validity compared to the fragment models
since they can be used to test therapies targeting the human HTT gene, RNA, or protein, but

cannot be used to study therapies targeting somatic repeat instability.
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1.3.4 Full-length huntingtin knock-in mouse models of Huntington’s disease

The knock-in (KI) HD models were generated by homologous recombination in mouse
embryonic stem cells to introduce an expanded CAG repeat into mouse Htt. Some KI models
had expanded CAG repeats inserted into mouse Htt exonl (Lin et al., 2001; Sathasivam et al.,
2013), while others were generated by humanizing HTT exonl, creating a chimeric mouse-
human HTT (Levine et al., 1999; Menalled et al., 2003; Shelbourne et al., 1999; Wheeler et al.,
1999).

These models offer high construct validity, with physiological Htt expression. The HD
knock-in mice genocopy human patients, with one wildtype and one CAG-expanded Htt allele
(Aziz et al., 2010; Cattaneo et al., 2005; Djousse et al., 2003; Farrer et al., 1993; Lee et al.,
2012; Wexler et al., 1987). However, there are several limitations to their construct validity. The
size of the repeats most studied (e.g., 111, 150, 175, 200) are well above the normal range for
adult- or even juvenile-onset HD. As well, the mostly murine Htt context differs from the human
HTT in >300 amino acids, suggesting that the full-length transgenic models are more useful for
studying the human HTT DNA, RNA and protein contexts.

In considering the face validity of the KI models, they display a robust age- and tissue-
dependent transcriptionopathy (Langfelder et al., 2016) and somatic instability (Lee et al., 2011,
Lee et al., 2010), unlike the existing full-length human genomic models. The Q140 and Q175 K
models show mild striatal atrophy, wide-spread mHTT aggregates (Heikkinen et al., 2012;
Menalled et al., 2012; Menalled et al., 2003) and heterozygous Q140 mice show an age-
dependent reduction in synaptic marker VGIuT1 (Deng et al., 2013) and robust striatal neuronal
electrophysiological deficits (Cepeda et al., 2003; Cummings et al., 2010; Hickey et al., 2012;

Raymond et al., 2011). However, one limitation of these models is that they have milder and
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less progressive behavioral abnormalities than the fragment and genomic models (Brooks et al.,
2012a, b; Brooks et al., 2006; Heng et al., 2010; Hickey et al., 2008; Lin et al., 2001; Menalled
et al., 2012).

When considering the use of KI models of HD studies, most HD investigators have
focused on using high Q length (92 or greater) knock-in mice since lower Q length mice do not
appear to demonstrate robust measurable behavioral phenotypes. Unlike human genomic
models, KI mice can be used to study CAG repeat instability, sense and antisense HTT mRNA,
noncanonical repeat associated non-ATG (RAN) translation (Banez-Coronel et al., 2015) and
molecular, cellular and physiological deficits in the striatal and cortical neurons in HD mice (Liu
et al., 2016; Menalled, 2005; Peng et al., 2016). In terms of predictive validity, KI models allow
for testing of MHTT CAG repeat targeting therapeutics (Zeitler et al., 2019), but offer limited
utility for testing HTT lowering therapies targeting human-specific sequences at DNA, RNA or

protein levels (Tabrizi et al., 2019a).
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CHAPTER 2:

Fanl’s Protective role in Huntington’s disease

2.1 Significance of studying Fanl in Huntington’s disease

There remains a need for novel therapeutics to modify the disease course of HD.
Currently, the most exciting novel HD therapies are trying to lower expression of HTT (e.g. Zinc-
finger nuclease, ASO, etc.), with many clinical trials showing promising preclinical (Kordasiewicz
et al., 2012; Southwell et al., 2018) and Phasela/2b data (Tabrizi et al., 2019b). Another class
of promising therapeutics may come from the genetic modifiers identified by the GeM-HD
GWAS (GeM-HD, 2019). Interestingly, many of the loci were adjacent to DNA repair genes and
the most significant locus identified was in Chrl5 near a DNA repair nuclease, FANL.

Several lines of evidence suggest FANL1 is the genetic modifier of HD at the Chr15 locus.
(1) The most significant SNP in the GeM-HD GWAS (rs150393409) is within the FAN1 ORF and
causes a missense mutation (R507H), which is predicted by SIFT to be a loss of function
mutation(GeM-HD, 2019). (2) Transcriptome-wide association studies (TWAS) revealed that
increased FAN1 expression, but not expression of any nearby genes, is significantly associated
with delayed onset and slower progression of HD (GeM-HD, 2019; Goold et al., 2019). (3) Fanl
has been shown to be protective against somatic instability of CGG repeats in a mouse model
of Fragile X (Zhao and Usdin, 2018) and in mHTT CAG repeats in-vitro (Goold et al., 2019). (4)
FANL protein directly interacts with MMR proteins including, MLH1 and PMS2 (Goold et al.,
2019; Rikitake et al., 2020; Smogorzewska et al., 2010), which are were also highlighted as

potential modifiers of HD age of onset and affect CAG repeat instability. (5) One of the
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haplotypes identified at the Chrl5 locus, which is associated with delayed onset of HD, is
tagged by SNPs which are correlated with increased FAN1 expression in the cortex.

To test the hypothesis that Fanl is a genetic modifier of mHtt-induced toxicities in vivo
and to explore the underlying mechanisms, we analyzed the effects of Fanl genetic reduction in
one of the allelic series KI HD mouse models with 140 CAG repeats (i.e. Q140) (Menalled et al.,
2003). We analyzed the transcriptome changes, neuropathology, behavioral deficits and
somatic CAG repeat instability of these mice at 6m and 12m of age. Our results thus far suggest
that Fanl plays a protective role in HD and represents a novel therapeutic target to delay onset

in HD patients.

2.2 Fan1-KD causes age-related dysregulation of HD- and glial-related transcripts in
wildtype and HD mice

We obtained a Fan1 knock-down (KD) mouse model from KOMP (Fan1mieKOoMPWisiy
which uses a gene-trap cassette targeted to Fanl intron 2 (Figure 2A). The cassette uses an
En2 splice acceptor to interrupt the Fanl mRNA with an IRES, LacZ, and polyA sequence after
Fanl exon2. | crossed heterozygous Fanl-KD (Fanl-KD het) mice with heterozygous Q140 K
HD (Q140) mice to obtain Fan1-KD het;Q140 mice. Fan1-KD het; Q10 mice were then crossed
with Fan1-KD het mice to obtain wildtype, Fan1-KD het, homozygous Fan1-KD (Fanl-KD
homo), Q140, Fanl1-KD het;Q140, and Fan1-KD homo;Q140 mice. All Q140 mice analyzed
were heterozygous and will be referred to as Q140. Homozygous Fanl1-KD mice will be referred
to as Fan1-KD thereafter. | measured the effect of the Fan1-KD allele by measuring Fanl
MRNA expression level in 6m old mice using RNAseq (Figure 2B) and gRT-PCR (not shown). |

found a gene dose-dependent reduction in mRNA expression, with Fan1-KD Het mice showing
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Figure 2: Generation of Fan1-KD mice crossed to Q140 HD mouse model.
(A) Schematic of knock-down allele used in Fan1tmie (KOMP\Wisi mice, (B) Fanl relative expression in the cortex of
6m mice. n=1-8/genotype

a ~35% reduction and Fan1-KD mice showing ~70% reduction of Fanl transcripts in both
wildtype and Q140 backgrounds.

To gain a better understanding of role of Fanl in the brain in both normal and HD
context, | performed RNAseq on brain tissues which are most affected in HD (i.e. cortical and
striatal tissue) at two ages. Peter Langfelder helped me perform all differential expression and
gene enrichment analyses, as well as generate figures. At 6m old, Fanl reduction (both

heterozygous and homozygous) caused very few genes to be differentially expressed (DE) at
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A 6m Striatum FDR<0.1 DE Genes B 6m Striatum p<0.01 DE Genes

Fan1-KD Het vs WT 111 Fan1-KD Het vs WT 59 [ 57
Fan1-KD Het; Q140 vs Q140 1]0 Fan1-KD Het; Q140 vs Q140 7015
Fan1-KD; Q140 vs Q140 2|0 Fan1-KD; Q140 vs Q140 3319
Q140 vs WT  [7625 T ] 1243 Q140 vs WT [1391 I ] 1006
C mHtt-Dependent Gene Sets

Down for Q140/Fan1 homo vs. Q140 (p < 0.01)
Genes down in striatum of HdhQ175 mice 15 genes: Odf4, Stc1, Plekhn1, Traip, Pitpnm3, 9230009102Rik, Uvssa, ..
DE genes in striatum of HdhQ175 mice = 16 genes: Zfhx2os, Odf4, Stci, Plekhdn, Traip, Pitpnm3, 9230009102RIk, ...
Down, CAG length-dependent genes in 10 mon mouse striatum 17 genes: 7630403G23Rik, Odf4, Stc1, Plekhn1, Traip, Pitonm3, UIK3, ...
Down genes in striatum of 10 mon HD Q175 mice vs Q20 = 15 genes: 7630403G23Rik, Odf4, Stc1, Plekhn1, Traip, Pitpnm3, UIK3, ...
Genes down in cortex of HdhQ175 mice | 10 genes: Odf4, Stci, Plekhn1, Traip, 9230009102Rik, Mybl2, Myo15b, ...
T T T T

0 1 2 3 4 5
4091 0( PBonferroni)

Figure 3: Fan1-KD causes minimal transcriptional change in 6m striatum.

(A-B) Number of upregulated (red) or downregulated (blue) genes at FDR<0.1 and p<0.01, respectively.
(C) Gene sets which show significant overlap with the striatal DE genes (p<0.01) for specific genotype
comparisons.

FDR<0.01 in the striatum (Figure 3A). To gain a better understanding of how these
transcriptional changes might impact the striatum, we performed a gene set enrichment analysis
using anRichment (Langfelder et al., 2016) on the significant DE gene (p<0.01; Figure 3B)
among the different genotype comparisons. Previous studies in our lab have shown that using a
lower DE gene significance threshold for the purpose of enrichment analyses can yield find
meaningful gene enrichment terms. We found a significant enrichment of mHTT-dependent
genes among the Fan1-KD; Q140 vs Q140 DE genes (Figure 3C). Specifically, there was
overlap between the striatal genes down-regulated in Fan1-KD; Q140 vs Q140 and in Q175
mouse striatum vs WT mice, suggesting Fan1-KD has an exacerbating effect, in terms of further
downregulating these HD-related transcripts.

Because Fanl1-KD het mice showed minimal effect on the HD transcriptionopathy at 6m,
and because Fanl-KD mice only show a reduction of 70% on transcript expression, we did not
include Fan1-KD Het and Fan1-KD het;Q140 mice our 12m RNAseq study. Fan1-KD caused
very few genes to significantly change at FDR<0.01 in 12m mice (Figure 4A). However, there
were 79 and 64 DE gene (p<0.01) between Fan1-KD vs WT and Fanl1-KD; Q140 vs Q140,

respectively, in the 12m striatum (Figure 4B). Gene enrichment analysis showed an
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A 12m Striatum FDR<0.1 DE Genes B 12m Striatum p<0.01 DE Genes

Fan1-KD vs WT 4 | 3 Fan1-KD vs WT 36 [ 43
Fan1-KD; Q140 vs Q140 2|1 Fan1-KD; Q140 vs Q140 22 42
Q140 vs WT 2335 I 2162] Q140 vs WT  [1913 T 1651

Upregulated for Q140/Fan1 homo vs. Q140 (p < 0.01)
Markers of aging cluster 3 in mouse microglia single-cell ... | 8 genes: H2-D1, Ifitm3, Trim30a, Lgals3bp, Irf7, H2-Q7, Rtp4, B2m |
Markers of cluster 9 (mostly injured WM) in mouse microglia ... | 12 genes: H2-D1, Ifitm3, Trim30a, Lgals3bp, Irf7, H2-Q7, Rtp4, 3if2ak2,
Markers of injury cluster 2 in mouse microglia single-cell ... | 11 genes: H2-D1, Ifitm3, Trim30a, Lgals3bp, Irf7, H2-O7, Rtp4, Gm2000, ...
Markers of injury cluster 1 in mouse microglia single-cell ... | 11 genes: H2-D1, Ifitm3, Trim30a, Lgals3bp, Irf7, H2-07, Rtp4, Gm2000, ...
Markers of aging cluster 1a in mouse microglia single-cell ... | 4 genes: H2-D1 | Ifitm3, Lgals3bp, Rtp4
T T T

Cell-Type and Region Gene Sets

T T 1
0 2 4 6 8 10 12

Gene ontology Terms Hog10(Pgonferroni)

Upregulated for Q140/Fan1 homo vs. Q140 (p < 0.01)
immune effector process 15 genes: H2-D1, Ifitm3, Trim30a, Irf7, H2-Q7, Ifih1, Gbp4, Rtp4, Cd180, ... |
defense response 18 genes: Ifitm3, Trim30a, Irf7, Ctss, H2-Q7, Ifih1, Gbp4, Rtp4, Cd180, ... ]
innate immune response | 13 genes: Ifitm3, Trim30a, Irf7, H2-Q7, Ifih1, Gbp4, Cd180, D¢ix58, Pde12, ...
immune response 16 genes: H2-D1, Ifitm3, Trim30a, Irf7, H2-Q7, Ifih1, Gbp|4, Cd180, Ddx58, ...
defense response to virus |9 genes: Ifitm3, Trim30a, Irf7, Ifih1, Gbp4, Rtp4, Ddk58, Eif2ak2, Nirp3
T T T

0 2 4 6 8
‘409 1 0( PBon!ervom)

Figure 4: Fan1-KD causes minimal transcriptional change in 12m striatum.

(A-B) Number of upregulated (red) or downregulated (blue) genes at FDR<0.1 and p<0.01, respectively.
(C) Gene sets which show significant overlap with the striatal DE genes (p<0.01) for specific genotype
comparisons.

upregulation of microglia markers (including in the context of white matter injury) and immune-
related genes in the Fan1-KD; Q140 vs Q140 comparison (Figure 4C). This suggests Fan1-KD
may exacerbate an immune or inflammation response in the HD mouse brain.

Based on results from the GeM-HD GWAS (GeM-HD, 2019), Fanl expression in the
cortex may be important to its role in modifying HD age of onset. To gain a better understanding
of Fanl’s role in the cortex, we analyzed the effect of Fanl1 reduction on the cortical
transcriptome in WT and Q140 mice. Similar to the striatum, very few genes were dysregulated
by Fan-KD het in the WT and Q140 mice at FDR<0.1. But surprisingly, there were ~90 DE
genes in 6m cortical Fan1-KD;Q140 vs Q140 comparison (Figure 5A). Lowering the significance
threshold to p<0.01, we found ~ 200 DE genes between Fan1-KD vs WT, 120 DE genes
between Fanl-KD Het; Q140 vs Q140, and over 400 DE genes between Fanl1-KD; Q140 vs

Q140 in the cortex at 6m (Figure 5B). An enrichment analysis found significant overlap between
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A 6m Cortex FDR<0.1 DE Genes B 6m Cortex p<0.01 DE Genes

Fan1-KD Het vs WT sMs Fan1-KD Het vs WT 92 ] 131
Fan1-KD Het; Q140 vs Q140 1]0 Fan1-KD Het; Q140 vs Q140 32 [T 93
Fan1-KD; Q140 vs Q140 41 [ I 148 Fan1-KD; Q140 vs Q140 211 | I

Q140 vs WT 101 Q140 vs WT 98 (NI 56

230]

C Down for Q140/Fan1 homo vs. Q140 (p < 0.01)
Down genes in cortex of 6 mon HD Q175 mice vs Q20 _67 genes: Ttil7, Scnia, Cacnb4, Map6d1, Kcnh7, Gabrai, Rspod, Nellt, ...
Down, CAG length-dependent genes in 6 mon mouse cortex 64 genes: Ttll7, Scnia, Map6d1, Kcnh7, Gabral, Rspot, Néll1, Ppmil, ...
Down in 15 wk R6/2 HD mice 121 genes: Ttll7, Fam198b, Kchj3, Tmc1, Cacnb4, Abcd2, Map6d1, Gabrat, ...
DE genes in cortex of 6 mon HD Q175 mice vs Q20 jo genes: TtllZ, Scnia, Cacnb4, Map6d1, Kenh7, Gabrat, Rspot, Nell, ...
mHtt-Dependent CAG length-dependent genes in 6 mon mouse cortex |67 genes: Ttll7, Scnia, Magéd1, Kenh7, Gabrat, Rspot, Nellt, Ppmil, ...
Gene Sets Up for Q140/Fan1 homo vs. 0149 (p. <0.01) ‘ )
DE genes in hippocampus of HD Q175 mice _58 genes: Samd14, Matn2, AW551984, Pxdn, Pnck, Plxna3, Prmt2, Limd2, ...
DE genes in striatum of HdhQ175 mice 77 genes: Sic4ail, Samd14, Matn2, AW551984, Pxdn, Icam5, Ryr3, Ngb, ..
Down in cerebrum of 22 wk R6/1 HD mice 35 genes: Matn2, Zdhhc22, Syt17, Arhgap33, Hrk, Cacnath, Limd2, Pcdhs, ...
Down in cerebrum of 18 wk R6/1 HD mice zuenes: Grp, Matn2, Syt17, Hrk, Limd2, Dusp18, Lypd1, Pkp2, MyoS5b, ...
Down in 12 wk R6/2 HD mice (Set1) '24 genes: Sic4ali 1, Zdhhc22, Pxdn, Syt17, Icam5, Ryr3, Arhgap33, Hrk, ...
P T T T T T

0 5 10 15 20 25 30 35
+0g10(Peonterroni)
Down for Q140/Fan1 homo vs. Q140 (p < 0.01)
Probable neuron-enriched genes 71 genes: Fam198b, Scnia, Kcnj3, Catnb4, Gabrai, Nell1, Rgs4, Fgf9, ...
Definite neuron-enriched genes 24 genes: Scnia, Gabira1, Nell1, Rgs4, Fgf9, Lgi2, Snap25, Kengs, ..
Genes specific to striatum MSN subtype D2-MSN (Gokce SCS ... _17 genes: Nell1, Rgs4, Al593442, Cdh6, Camkd, Kcna2, Osbplia, PId5, ...
Highest in CP of 13-16 post-conception weeks human Eg@gsjkcn;& Cacnb4, Mapéd1, Ppm1l, Lgi2, Snap25, Atp2b2, Adam23, ...
Cell-Type and Region Lowest in VZ of E14.5 mouse 53 gene: Ttil7, Kenj3, Cacnbd, Plcb1, Mapk9, Snap25, Atp2b2, Gm3510, ...
Gene Sets Up for Q140/Fan1 homo vs. Q140 (p < 0.01)
Probable neuron-enriched genes |87 genes: Grp, Zdhhc22, Ly6h, AW551984, Icamb, Ryr3, Hapi, C2tddc, ...
Temporal Lobe IN Cerebral Cortex |22 genes: Syt17, Icams, Rasali, Hpcald, Trp53il 1, Prkcg, Cpne6, Calb2, ...
Cingulate Gyrus 17 genes: Sic4ai1, Grp, Byt17, Dgkg, Hpcald, Fxyds, Kihdc8b, Prkcg, Syt10, ...
CAT1 overexpressed genes compared to CA3 Newrzella 29 genes: Grp, Matn2, Syt17, Arhgef28, Grhi1, Hrk, Rasall, Lypd1, Cdk18, ...
Genes specific to Dorsomedial striatum (DMS) (Gokce SCS ... #genes: Ly6h, Pnck, Rasal1, Hpcald, Pea15a, Cpne6, Wis1, Timp2, ...
T T T

1
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+0g10( Pgonterroni)

Figure 5: Fan1-KD causes minimal transcriptional change in 6m cortex.

(A-B) Number of upregulated (red) or downregulated (blue) genes at FDR<0.1 and p<0.01, respectively.
(C) Gene sets which show significant overlap with the striatal DE genes (p<0.01) for specific genotype
comparisons.

mHTT-dependent gene sets and neuron-enriched gene sets among the 6m Fanl1-KD; Q140 vs
Q140 cortex DE genes (Figure 5C).

In the 12m cortex, minimal Fan1-KD related DE genes at FDR<0.1 (Figure 6A).
However, we found ~100 DE genes (p<0.01) between Fan1-KD vs WT and Fan1-KD;Q140 vs
Q140 (Figure 6B). Interestingly, enrichment analysis of the 12m cortex DE genes found
significant overlap between mHTT-dependent gene sets and OL-enriched genes (Figure 6C)
and DE genes in both Fan1-KD vs WT and Fan1-KD; Q140 vs Q140 comparison. This suggests
that Fan1-KD by itself is sufficient to dysregulated certain mHTT-related genes and that Fan1-
KD may play a significant role in OLs in both WT and Q140 mice at 12m.

Two glial cell types were highlighted in the 12m cortex and striatum RNAseq data,

striatal microglia and cortical OLs. To get a better understanding of how these glial-related
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12m Cortex FDR<0.1 DE Genes B 12m Cortex p<0.01 DE Genes

Fan1-KD vs WT 2|1 Fan1-KD vs WT 48 [T 54
Fan1-KD; Q140 vs Q140 3|1 Fan1-KD; Q140 vs Q140 71 O 54
Q140 vs WT 149 [ 69 Q140 vs WT 300 T 187

Downregulated for Q140/Fan1 homo vs. Q140 (p < 0.01)
Down-regulated genes in hypothalamus/thalamus of HD Q175 ... ~ 22 genes: Mbp, Gjc3, Vamp1, Ugt8a, Pip1, Pacs2, Kcnc, Pde8a, Fa2h, ...

mHtt-Dependent DE genes in hypothalamus/thalamus of HD Q175 mice 22 genes: Mbp, Gjc3, Vamp1, Ugt8a, Plp1, Pacs2, Kene8, Pde8a, Fa2h, ...
Down-regulated genes in cerebellum of HD Q175 mice _ 27 genes: B230312C02Rik, Ermn, Mbp, Gjc3, Vamp1, Ugt8a, Plp1, Pacs2, ...

Gene Sets " L a
Down-regulated genes in cerebellum of 6 mon HD Q175 mice vs ... _29 genes: Sic12a2, Ermn, Mbp, Gjc3, Vamp1, Ugt8a, Plp1, Kene3, HIf, ...
Down-regulated genes in cerebellum of 10 mon HD Q175 mice ... 33 genes: Sici2a2, Ermn, Mbp, GjcB, Vamp1, Ugt8a, Plp1, Pacs2, Kenb, ...
I T T T 1
0 5 10 15 20
=0g10(Pgonterron)
Downregulated for Fan1 homo vs. WT (p < 0.01)
Top 200 genes in striatum oligodendrocyte cluster (FC >= 1.9) Eenes: Car2, Myrf, Sic12a2, 1133, Frmd8, Nirg1, Ermn, Mbp, Mag, Qdpr, ...
Oligodendrocyte gene | 8 genes: Car2, Myrf, Ndrg1, Ermn, Mbp, Mag, Qdpr, Scd2
ABA oligodendrocyte-enriched genes Enggga,g,jﬁyg,ﬂgrg , Ermn, Mbp, Mag, Qdpr, Scd2
) Cortical oligodendrocytes (Cmtm5) | 18 genes: Car2, SIc38a3, Sic12a2, Dusp15, Dock5, Mat2a, Ndrg1, Pixnb3, ...
CeII-Type and Reg'°" Highest fidelity for oligodendrocyte module across all brain ... Eeggsﬁ:g,arglylyﬁ, Slc12a2, Dock5, Ndrg1, Ermn, Mag, Qdpr, Mtmr10, ...
Gene sets Downregulated for Q140/Fan1 homo vs. Q140 (p < 0.01)

Top 200 genes in striatum oligodendrocyte cluster (FC >= 1.9) | 18 genes: Sic12a2, Ermn, Mbp, Ugt8a, Plp1, Pacs2, Pde8a, Mog, Faph, ...

Definite oligodendrocyte-enriched genes | 14 genes: Slc12a2, Ermn, Mbp, Gjc3, Ugt8a, Pip1 Mog, Fa2h, Mobp, Prr5l, ...

Oligodendrocyte gene markers | 11 genes: Ermn, Mbp, Ugt8a, Pacs2, Mog,|Fa2h, Gatm, Mobp, Tmem63a, ..

ABA oligodendrocyte-enriched genes | 11 genes: Ermn, Mbp, Ugt8a, Pacs2, Mog,|Fa2h, Gatm, Mobp, Tmem63a, ...
Red Nucleus IN Mesencephalon | 13 genes: Sic12a2, Ermn, Mbp, Ugtéa, Rip1, Mog, Fa2h, Rassf2, Mobp, ...

T T 1
0 5 10 15
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Figure 6: Fan1-KD causes minimal transcriptional change in 12m cortex.

(A-B) Number of upregulated (red) or downregulated (blue) genes at FDR<0.1 and p<0.01, respectively.
(C) Gene sets which show significant overlap with the striatal DE genes (p<0.01) for specific genotype
comparisons.

genes were changing with Fan1-KD in WT and Q140 mice, we generated a heatmap to

visualize their expression level (Figure 7). The microglia gene set comes from Beth Steven’s

lab, in which they performed single-cell RNAseq profiling of mouse microglia during

development, in old age, and after brain injury (Hammond et al., 2019). From the heatmap, we

can see that Q140 mice show a downregulation of microglial genes and Fan1-KD; Q140 have a
marked upregulation of microglial genes in the striatum, compared to WT. Interestingly, a similar

trend can also be seen for microglial genes changing expression in the cortex, although it is not

as striking as it is in the striatum.

The OL gene set comes from Steve McCarroll’s lab in which they performed single-cell

RNAseq of 9 regions of the adult mouse brain including frontal cortex and striatum (Saunders et

al., 2018). We find that Fan1-KD; Q140 mice have a reduction of OL genes in the cortex,

compared to WT or Q140, and a modest reduction in OL genes in Fan1-KD cortex. This
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Figure 7: Fan1-KD causes upregulation of striatal microglia genes and downregulation of cortical
oligodendrocyte genes in the 12m mouse brain.

heatmap highlights the list of microglial and oligodendrocyte genes that are differentially

affected in the striatum and cortex of Fan1-KD in Q140 and WT mice.
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2.3. Using a novel GFP-Fanl Kl mice to study cellular and subcellular expression of Fanl
wildtype

Previous single-cell RNAseq studies in human (Tasic et al., 2018) and mouse (Gokce et
al., 2016a; Loo et al., 2019; Saunders et al., 2018; Tasic et al., 2018) brains have reported Fanl
expression in a wide range of neuronal and glial cell-types. To confirm which cell-types express
Fanl in the brain, we generated a novel knock-in mouse model with GFP fused to the N-
terminus of the Fanl protein, (Figure 8A). A short chain of amino acids was added in between
the GFP and Fanl amino acid sequences to act as a spacer and was previously shown by
Agata Smogorzewska’s lab to minimize the effect of GFP on Fanl’s protein conformation. A
description of how the GFP-Fanl mice were generated can be found in the appendix (Figure
20). GFP-Fanl heterozygous (Het) mice were bred to obtain GFP-Fanl homozygous
(henceforth referred to as GFP-Fan1l) mice. We stained brain section from 6m WT and GFP-
Fanl mice with a GFP antibody. We found minimal background GFP antibody staining in the
wildtype mouse brain while the GFP-Fanl brains showed GFP-positive cells in the upper and
lower layers of the cortex and the striatum (Figure 8B). GFP-Fanl was mostly localized to the
nucleus. We next wanted to determine whether Fanl is expressed in either neurons, glia, or
both cell-types. We co-stained GFP-Fanl brain sections from 6m old mice with a neuronal
marker, NeuN, GFP-antibody, and DAPI which labels nuclei. We found DAPI labeled nuclei in
the cortex which show colocalization of GFP and NeuN, suggesting that these are neuronal
cells expressing GFP-Fanl (Figure 8C). We also found DAPI-labeled nuclei which show with
GFP, but not NeuN, signal, suggesting there are non-neuronal cells which also express GFP-
Fanl.

Since our 12m RNAseq data suggested that Fan1-KD causes a downregulation of OL
genes in the cortex, we wanted to confirm whether cortical OLs express Fanl. We co-stained

GFP-Fanl brain sections from 6m mice with DAPI, a GFP-antibody and an OL-specific
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Figure 8: GFP-Fanl is expressed in cortical and striatal neurons and glia.

(A) Schematic of GFP knock-in created in 5’ end of mouse Fan1. (B) Comparing anti-GFP staining in wildtype
mice (highlighted in red) compared to GFP-Fanl mice in the upper cortex, lower cortex, and striatum. (C)
Colocalization of GFP and Neuronal Marker (NeuN) signal in mouse cortex of 6m GFP-Fanl mice. White circles
highlight glia cells with GFP and DAPI but lacking NeuN signal. (D) Colocalization of GFP and oligodendrocyte
marker (Olig2). White circle highlight OLs which show colocalization of GFP, Olig2, and DAPI.

antibody, Olig2. We found cortical nuclei which show colocalization of the GFP, Olig2, and DAPI
(Figure 5D), suggesting that GFP-Fanl is expressed in cortical OLs. In combination with our
12m cortex RNAseq data, this result supports the hypothesis that Fanl is playing an important

role in cortical oligodendrocytes in both WT and Q140 mice.
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2.4 Preliminary studies suggest Fan1-KD exacerbates neuropathology in HD mice

We hypothesize that Fanl is a protective modifier in HD and loss of Fanl expression
should exacerbate HD-related neuropathology. An age-related nuclear accumulation and
aggregation of mHTT is seen in HD KI mice, with older mice showing larger and more numerous
mHTT aggregates (Carty et al., 2015; Menalled et al., 2003). We stained the brains of 12m old
Q140 and Fan1-KD; Q140 mice with EM48 antibody, which selectively recognizes the
aggregated form of mHTT protein (Gutekunst et al., 1999; Li et al., 1999; Li et al., 2000). Fan1l-
KD; Q140 mice showed larger mHTT inclusions and had more cytoplasmic aggregates,
compared to Q140 mice (Figure 9A). We quantified the number of EM48+ aggregates using
ImageJ and found that Fan1-KD; Q140 mice show increased number of EM48+ aggregates in
both the dorsolateral striatum (DLS) and dorsomedial striatum (DMS), compared to Q140 mice
(Figure 9B). We next wanted to test whether large nuclear inclusions or smaller cytoplasmic
aggregates were changing with Fan1-KD. Aggregates were divided into 4 bins based on their
size: 1-30, 31-80, 61-90, 91+ pixels?. We found that 12m Fan1-KD; Q140 mice showed a
significant increase in number aggregates in Bin 1 in the DLS and in Bin 1 and Bin 2 in DMS
(Figure 9C).

Because our 12m RNAseq data showed that Fan1-KD leads to a reduction in cortical OL
genes, we hypothesized that Fan1-KD may impact cortico-striatal synaptic communication. To
test this hypothesis, we stained 12m brain sections from WT, Fan1-KD, Q140, and Fan1-KD;
Q140 mice with a presynaptic marker (VGIlutl) and postsynaptic marker (Actn2). The intensity of
the VGIlutl and Actn2 staining was quantified using ImageJ to measure the mean gray scale
value (GSV) of each image (n=4-6/genotype). We found preliminary data suggesting 12m Fan1-
KD; Q140 mice showed significantly decreased VGIlutl and Actn2 signal compared with WT,

Fan1-KD, and Q140 mice (Figure 9D-E). However, repeat staining by Linna Deng for Actn2 and
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Figure 9: Fan1-KD mice exhibit increased mHTT aggregates and decreased synaptic markers.

(A) Dorsolateral striatum of 12m Q140 and Fan1-KD; Q140 mice showing mHTT nuclear inclusions and
cytoplasmic aggregates. (B) Quantification of number of mHTT aggregates in each visual field. (C) Binning of
EmA48-positive aggregates by size. (D) Presynaptic (VGlutl) and Postsynaptic markers (Actn2) staining in
striatum from 12m old mice. (E) Quantification of signal intensity from synaptic marker. N=3-5/genotype/region,
*p<0.05, **p<0.01, ***p<0.001, 2-tail student t-test, error bars = S.E.M.

VGlutl showed no difference between Q140 and Fanl1-KD; Q140 (data not shown). Taken

together, these preliminary results suggest Fan1-KD may lead to reduced cortico-striatal
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synaptic markers, but an independent validation study with larger sample size is needed to

rigorously examine the pathology in these mouse models.

2.5 Fan1-KD causes minimal behavioral changes in normal and HD mice at 12m

We hypothesized that if Fan1-KD exacerbates cortical pathology or cortico-striatal

communication, it may also exacerbate motor and psychiatric-like deficits in Q140 mice. We

characterized a cohort of WT, Fan1-KD, Q140, and Fan1-KD; Q140 mice at 12m using

openfield (locomotion) tests. Q140 mice show minimal behavioral deficits, but openfield

phenotypes have been observed at various different ages in homozygous mice (Menalled et al.,

2003). We found that Fan1-KD and Fan1-KD; Q140 mice spent less time in the perimeter of the
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Figure 10: Fan1-KD is correlated with reduced anxiety, but not
motor deficits.
(A) Time spent within perimeter of the chamber during 15min trial.
(B) Time spent within the center of chamber. (C) Number of bouts
crossing over the center and perimeter. (D) Total distance traveled
within chamber. N=11-18 mice/genotype, *p<0.05, **p<0.01, 2-tail
student’s t-test, error bars = S.E.M.
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openfield box, compared to WT and
Q140 mice (Figure 10A). Time
spent in the perimeter is presumed
to reflect an axious behavior,
suggesting that the Fan1-KD and
Fan1-KD; Q140 mice are showing
reduced anxiety compared to WT
and Q140 mice. Interestingly, time
spent in the center did not reach
significance by single-factor
ANOVA (p=0.140, Figure 10B).
Fan1-KD mice showed increased
bouts of crossing from center to
perimeter (Figure 10C), but it is not

statistically signifcant compared to



wildtype littermates. Lastly, there was no significant difference in distance traveled (p=0.152,
single-factor ANOVA, Figure 10D). Overall, openfield results do not suggest that Fan-KD
exacerbates motor deficits, and only moderately reduces anxiety-like behavior compared to WT

and Q140 mice.

2.6 Age- and Tissue-specific effects of Fan1-KD on somatic mHTT CAG repeat instability
With previous studies finding Fanl plays a protective role in stabilizing Fmrl CGG
repeats in a Fragile X mouse model (Zhao and Usdin, 2018) and mHTT CAG repeats in HD cell

lines (Goold et al., 2019), we wanted to test the hypothesis that Fan1-KD would cause
expansion of mHTT CAG repeats in vivo. To analyze CAG repeat instability, we adopted a
widely used PCR-based protocol, established in Vanessa Wheeler’s lab, to visualize repeat
instability and quantify instability by calculating a repeat instability index score (lIS) (Lee et al.,
2010). A positive IIS indicates a bias towards expansion, while a negative IIS indicate a bias
towards contraction. A full description of how nucleotide repeat instability can be measured and
how the IIS is calculated can be found in the Material and Methods and in (Lee et al., 2010).
We assayed a cohort of Q140 and Fanl1-KD; Q140 mice at 6m and 12m for somatic
CAG repeat instability in tissues that were previously reported to have stable (e.g. heart, tail
cerebellum) and unstable (e.g. striatum, liver) mHTT CAG repeats. We found that 6m Fan1-KD;
Q140 mice showed significantly increased expansion of mHTT CAG repeats in the liver,
compared to Q140 mice (Figure 11A). Interestingly, while the striatum showed a trend towards
increased IIS in 6m Fanl-KD; Q140 mice, it was not significant (p=0.055, 2-tail student’s t-test).
Cortex and tail mHTT CAG repeat instability were also unchanged in 6m Fanl-KD; Q140 mice.
We next wanted to test whether the impact of Fan1-KD on somatic CAG repeat
expansion was progressive with age. We assayed somatic CAG repeat instability in a different

cohort of mice at 12m. We found that Fan1-KD; Q140 mice showed increased cortex IS,
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Figure 11: Fan1-KD causes tissue- and age-dependent changes in somatic mHTT CAG repeat instability.
(A-C) Example GeneMapper traces of mHTT exonl CAG repeat PCR products and bar plots showing CAG repeat
instability index score (Lee et al., 2010) for specific tissues at either 6m or 12m of age. (D) Bar plots comparing
modal CAG repeat lengths (tallest peak) for specific tissues between Q140 and Fanl1-KD; Q140 at either 6m or
12m old. N=4-8 mice/genotypeltissue/age, *p<0.05, **p<0.01, 2-tail student’s t-test, error bars = S.E.M.

compared to Q140 mice (Figure 11B). This was surprising because the cortex was previously

reported to be relatively stable in Q111 KI mouse models (Lee et al., 2010), although cortical

CAG repeat instability has been shown in fragment HD models (Larson et al., 2015) and post-

mortem human cortex (Kennedy et al., 2003; Swami et al., 2009). Fan1-KD; Q140 mice also
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showed increased IIS score in the heart, another tissue which was assumed to have relatively
stable trinucleotide repeats (Zhao and Usdin, 2018).

Because 5-8% of HD patients are de novo cases (Squitieri et al., 1994; Warby et al.,
2009) which likely come from mHTT CAG repeat expansion during meiosis (Semaka et al.,
2013a; Semaka et al., 2013b), we also analyzed CAG repeat instability in the testes. We found
no significant difference in the IIS of Fan1-KD; Q140 vs Q140 mice at 12m. We also found no
effect of Fan1-KD on CAG repeat instability in the cerebellum or tail in 12m mice.

Surprisingly, Fan1-KD; Q140 mice showed decreased IIS in the striatum and liver,
compared to Q140. PCR through long CAG repeats is inefficient, leading to reduced PCR
product from highly expanded repeats. The GeneMapper software excludes peaks which are
below 50 relative fluorescence units (RFUS) in an attempt to minimize PCR generated noise.
We hypothesized that our 1IS calculation were underrepresenting highly expanded alleles in
12m Fanl1-KD; Q140 mouse striatum and liver sample due to their peak heights being below 50
RFUs, leading to the reduced IIS in these tissues. To test this hypothesis, we re-assayed cortex,
striatum, and liver tissues from 12m Q140 and Fan1-KD; Q140 mice using 5 PCR reactions for
each tissue sample and combining the PCR products to yield taller peak heights. The
reanalyzed tissues now showed there is no significant difference in the CAG repeat instability in
the cortex, striatum, or liver at 12m (Figure 11C). This result casts doubt on the hypothesis that
Fanl’s modifying role in HD is through the mechanism of somatic expansion of mMHTT CAG
repeats in the brain.

Another method of measuring somatic CAG repeat instability is to measure the growth of
the modal CAG repeat length (i.e. the repeat size of the tallest peak in the GeneMapper traces),
which is the mHTT CAG repeat length most prevalent in the assayed tissue. We found no
significant difference between Fanl-KD; Q140 and Q140 mice at the same age, in any tissue

compared. However, we did find that the modal CAG repeat lengths were significantly expanded
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(2-10 CAGsS) for certain tissues when comparing the 6m to 12m time points for the same
genotype (Figure 11D). Specifically, the striatum, showed an increase in modal CAG repeat
length from 6m to 12m in both Q140 and Fan1-KD, Q140 mice. Interestingly, the growth in
modal CAG repeat length was larger in Fan1-KD; Q140 striatum, with an expansion of 11.9
CAGs from 6m to 12m, compared to 4.6 CAGs in Q140 mice. Fan1-KD; Q140 mice also
showed a significant age-related expansion in modal CAG repeats in the liver and tail, while
Q140 did not. Cortex modal CAG repeats did not significantly expand between 6m and 12m in
either genotype. This suggests that Fanl may play a role in growth of modal CAG repeat length

over time in certain tissuses.

2.7 Discussion

The aim of our current study was to test the hypothesis that Fanl is the genetic modifier
in linkage disequilibrium with the Chrl5 locus that is significantly associated with modifying HD
age of onset. We provided several pieces of evidence which support this hypothesis.

The results of our RNAseq study suggested that at 6m, Fan1-KD may have a modest
exacerbating effect on transcripts which are being downregulated in the cortex and striatum in
HD mouse models. More importantly, the results from our 12m RNAseq study highlighted
Fanl’s potential role in of two glia cell-types, striatal microglia and cortical OLs. Interestingly,
Fan1-KD in WT mice also lead to downregulation of cortical mature OL genes, suggesting Fanl
may plays a modest protective role in these cell-types in the wildtype background but more
robust role in the HD context. This finding needs to be followed up with more detailed analyses
of oligodendrocyte pathology in the Fan1-KD; Q140 mice.

The increased microglia and inflammation-related transcripts seen in the striatum of
Fan1-KD; Q140 mice can be caused by several mechanism. One possible explanation is that it

is caused by a cell-autonomous mechanism in which loss of Fanl directly leads to inflammation

38



signaling in the striatum. Fanl may play a protective role in MSNs or microglia and Fanl has
been shown to be expressed in both these striatal cell-types (Gokce et al., 2016a; Saunders et
al., 2018).

An alternative explanation is that the increased striatal inflammation may be caused by a
non-cell autonomous mechanism. Loss of Fanl in the cortex may impairs cortico-striatal
communication, possibly due to effects on oligodendrocytes, leading to downstream microglial
inflammatory response in the striatum. Oligodendrocytes exhibit high metabolic rate due to their
role in myelin maintenance and are vulnerability to oxidative stress (Smith et al., 1999). Fanl
may play an important role in protecting cortical OLs from ROS over-production in HD brains.
Indeed, our 12m RNAseq found that Fan1-KD; Q140 and Fan1-KD show a downregulation of
MYRF (p<0.01) in the cortex, which regulates oligodendrocyte maturation and is essential for
proper myelination (Koenning et al., 2012). Reduction of MYRF transcriptional activity has been
associated with OL dysfunction and myelin impairment in Q140 mice (Huang et al., 2015).
Fanl1-KD related impairment of OL or myelination may lead to earlier appearance of white
matter lesions, which are seen many years before symptom onset in HD patients (Paulsen et
al., 2008; Rosas et al., 2018; Tabrizi et al., 2009).

We next sought to test whether loss of Fanl exacerbated HD-related neuropathology in
Q140 mice. We found that Fan1-KD increased aggregation in the striatum, especially small
aggregates. This may be explained by Fan1-KD leading to increased CAG repeat instability,
which yields mHTT alleles with longer CAG repeats and are more prone to mHTT accumulation.
However, results from our CAG repeat instability analysis did not find a significant effect of
Fan1-KD on CAG repeat instability in the striatum at 6m or 12m.

Another hypothesis is that Fan1-KD lead to increased instability in the cortex which then
has a downstream effect of increasing aggregation in the striatum. Indeed, 12m Fanl1-KD; Q140

mice showed increased cortex 1S compared to Q140 in our 1x PCR data. However, the 5x PCR
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data for 12m cortex did not show a significant effect. The minor effect of Fan1-KD on cortical IS
may be due to the fact that cortex is a more heterogenous tissue compared to the striatum, and
only a small proportion of cells show a Fan1-KD induced increased IIS.

A third hypothesis may be related to a previously unidentified role of Fanl as an RNA
nuclease and regulating expression of RNAs. In human cells, RNA foci form by phase
separation of the repeat-containing RNA (Jain and Vale, 2017). mHTT RNAs with long CAG or
AS-HTT RNAs with long CUG repeats may phase separate and act as site of mHTT nucleation.
Fanl may play a role in controlling the turnover of these long CAG/CUG repeat mRNAs. Thus,
loss of Fanl might cause increased expression of HTT or AS-HTT RNA, leading to increasing
mHTT aggregation in the striatum, a hypothesis that can be readily examined in our mouse
models.

Lastly, we analyzed the impact of reduced Fanl expression on somatic CAG repeat
instability. We analyzed the somatic instability of CAG repeats using two methods: (1)
calculating an 1IS and (2) measuring the growth in modal CAG repeat length from 6m to 12m.
One caveat of the age-related expansion in modal CAG repeats analysis we performed is that
the 6m and 12m data were generated using different cohorts of mice. Thus, mHTT alleles with
different CAG repeat length could have been inherited from the distinct breeders used to
generate the 6m and 12m cohorts of mice, and the baseline repeat sizes of these mice at 2m of
age were not assayed. Thus, what was observed (Figure 11D) may be an effect of mouse
cohort rather than age. However, if this was the case, we would expect to see this cohort effect
in all tissues assayed. Thus, the fact that we do not see an age-related increase in modal CAG
repeats in the cortex suggests it is not simply a cohort effect. Rather, there may be a real
interaction between genotype, age and tissue on modal CAG repeat length. We intend to use

additional mouse cohorts to validate these findings in our future studies.
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At 6m, Fan1-KD lead to an increase in liver 11S, a finding | have independently verified
using a second cohort of mice (Appendix, Figure 20). This result agrees with previous studies
which found Fanl plays a role in stabilizing trinucleotide repeats (Goold et al., 2019; Zhao and
Usdin, 2018). Fanl’s interacts with several MMR genes (MIh1, Pms2) which have also been
shown to play a role in CAG repeat instability (Goold et al., 2019; Rikitake et al., 2020;
Smogorzewska et al., 2010). Specifically, loss of MSH and MLH complex proteins leads to
reduced instability of CAG repeats (Dragileva et al., 2009; Manley et al., 1999; Pinto et al.,
2013). Fanl may interact with MIh1 or other MIh complex proteins to stabilize repeats in the
liver. Interestingly, we did not observe an increase in liver IIS at 12m, suggesting that the
exacerbating effect of Fan1-KD on liver mHTT CAG repeat expansion may normalizes with age.

A more surprising result was that we did not detect a significant impact of Fan1-KD on
striatal MHTT CAG repeat instability. The most parsimonious theory of Fanl’s role as a
modifier, is that loss of Fanl function increases the CAG repeat instability in striatal MSNs and
the expanded mHTT alleles lead to an earlier onset of HD symptoms in human patients.
However, we observed a very modest increase in striatal 11S in 6m Fan1-KD; Q140 mice, which
did not reach significance. Moreover, 12m Fan1-KD; Q140 mice either show reduced instability
in the striatum (1x PCR), or no change in instability (5xPCR), compared to Q140 mice.

To independently verify this result, we could use small-pool PCR, in which a small
number of DNA molecules are used for PCR amplification and is followed by a southern blot
(Dandelot and Gourdon, 2018; Gomes-Pereira et al., 2004; Swami et al., 2009). Small-pool
PCR has been used to reveal the presence of dramatic somatic instability in HD patient brains
that was undetected or underestimated using standard PCR amplification of ‘bulk’ genomic
DNA.

As corroborative evidence for this result, we looked at the expression of the alternatively

spliced mHTT RNA with intronl retained. RNA polymerase read-through of exon1 and
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expression of truncated HTT exnol-intronl transcripts is proportional to CAG-repeat
length(Neueder et al., 2017; Sathasivam et al., 2013). Thus, increased striatal CAG repeat
instability should cause increased expression of mMHTT splice variants with intronl-retension.
However, we did not see an increase in HTT intronl read count in Fan1-KD; Q140 mice
compared to Q140 at 12m (Appendix, Figure 24), suggesting Fan1-KD does not increase mHTT
CAG repeat instability in the striatum.

While Fan1l may play an important role in stabilizing CAG repeats in the liver at 6m, our
current evidence does not show similar effects of in stabilizing mHTT CAG repeats in the
striatum at 6m and 12m of age. Since our study only used Fanl KD mice with 70% reduction of
Fanl transcripts, and our analysis is up to 12m of age, we cannot rule out Fanl effects on
striatal mHtt repeat instability could be observed with more complete depletion of Fanl gene
expression or with our current mouse models at a much older age. However, we consider our
study still informative as the disease modifying alleles of FAN1 in HD are not known to be null
alleles. We would like to interpret the possible new insights on Fan1’s role in HD is its effects on
cortical oligodendrocytes, based on our transcriptomic findings. It is possible that Fanl functions
to delay the onset of oligodendrocyte dysfunction, which in turn leads to cortico-striatal
miscommunication and non-cell autonomous striatal pathogenesis (Teo et al., 2016; Veldman
and Yang, 2018; Wang et al., 2014a). This hypothesis is also supported by prior literature
suggesting GWAS FANL1 alleles may alter the expression of FANL1 in the cortex but not in the
caudate and putamen (GeM-HD, 2019; Goold et al., 2019). (GeM-HD, 2019; Goold et al., 2019).

Overall, our findings support the hypothesis that Fanl is a modifier of HD. Fan1-KD led
to altered transcription of HD-related transcripts, caused a modest increase in striatal
inflammation-related transcripts, reduced cortical OL-related gene expression, and increased
mHTT aggregation in the striatum. While the exact mechanism of Fan1’s modifying influence on

HD is not fully understood, we provide evidence suggesting further investigation of our Fan1-
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KD;Q140 mouse model systems, particularly cellular and molecular changes in the cortex, is

warranted.
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CHAPTER 3:

Uninterrupted Huntingtin CAG-Repeat Length Predicts Striatal Nuclear Inclusions and

Transcriptionopathy In Vivo

Chapter 3 contains work from a collaborative project and the data | generated that will be part of

a manuscript that | will be 2" author on.

Xiaofeng Gu, Jeff Richman, Peter Langfelder, Huei Bin Wang, Nan Wang, Jeff Cantle, Lucia
Yang, Lalini Ramanathan, Chang Chris Park, Giovanni Coppola, Steve Horvath, Gillian Bates,

Christopher Colwell and X. William Yang

My specific research efforts for this project include analyzing somatic mMHTT CAG repeat
instability, in collaboration with Laragen. | also quantified several human HTT protein species
using MSD assay, in collaboration with Evotec. Lastly, | performed night-time open field
behavioral testing, extracted RNA samples for RNAseq experiments and helped perform all
tissue dissections. Xiaofeng Gu engineered the human HTT BAC to contain an expanded,
uninterrupted CAG repeat. Dr. Gu then generated the BAC-CAG mice, managed the mouse
colony, measured body weight, and performed immunostaining with S830, GFAP, and Actn2
antibodies. Nan Wang and Lucia Yang performed western blotting of full-length huntingtin. Huei
Bin Wang performed the activity/sleep study as well as grip strength testing. Peter Langfelder
performed differential expression, enrichment, and concordance analyses on RNAseq data and
generated figures describing the results. He also performed correlational analyses between

CAG repeat indices and sleep/activity behavioral measures.
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3.1 Significance of developing novel human HTT BAC Transgenic mouse model with
uninterrupted CAG repeats

For decades, the poly-glutamine (polyQ) repeats in the mHTT protein have been
considered the main driver of HD pathogenesis. However, recent mounting evidence suggests
that the expanded, uninterrupted CAG repeats in mHTT may directly contribute to HD pathology
(Lieberman et al., 2019). This was recently highlighted by GeM-HD (2019), in which they
showed that, if polyQ length is kept constant, then presence, absence, or duplication of terminal
CAACAG sequence (both encoding for Q) HTT CAG repeats significantly correlates with
modifying HD age of onset. Importantly, this suggests that uninterrupted CAG repeat length is a
better predictor HD onset than polyQ length.

The GWAS also identified genomic loci near MMR genes that were significantly
associated with modifying onset of HD. MMR genes have been studied in HD for their role in
somatic mHTT CAG repeat instability (Manley et al., 1999; Dragileva et al., 2009; Flower et al.,
2019; Gomes-Pereira et al., 2004; Kovalenko et al., 2012; Manley et al., 1999; Pinto et al.,
2013), and somatic instability in the human cortex is significantly correlated with HD onset
(Swami et al., 2009). Thus, MMR proteins are believed to influence HD progression by effecting
somatic instability of mHTT CAG repeats in the brain.

The current study describes the generation and characterization of a novel human BAC
transgenic mouse model expressing full-length HTT with approximately 120 uninterrupted CAG
repeats (BAC-CAG). We provide insight into the direct contribution of mHTT uninterrupted CAG
repeats to HD pathogenesis by comparing phenotypes seen in BAC-CAG mice with previous
full-length HD mouse models. Interestingly, despite expressing a human HTT protein which is
similar to that expressed by our previous BACHD model (Gray et al., 2008), BAC-CAG mice
show phenotypic differences which better recapitulate the phenotypes seen in the allelic series

Kl mice (e.g. Q140 and Q175). This includes robust mHTT nuclear accumulation and nuclear
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inclusion, age-dependent striatal transcriptionopathy, and somatic CAG repeat instability. Our
current study provides the first evidence that phenotypic differences between allelic series K
models and full-length genomic HD models is the presence/absence of long patient-like,

uninterrupted CAG repeats in HTT exonl.

3.2 Generation and initial characterizations of BAC-CAG mice

To test the hypothesis that phenotypic differences between prior human genomic models
and the KI models of HD are due to the difference in the genomic DNA encoding the polyQ
repeat in mHTT , Dr. Xiaofeng Gu generated a novel HD mouse model which contains a full-
length human HTT BAC with uninterrupted CAG repeats integrated into the mouse genome.
The human HTT BAC was engineered to contain roughly 120 pure CAG repeats followed by
one CAA, 8 CAGs and another CAA-CAG, to encode about 141 glutamine repeats (Figure 12A).
Using gRT-PCR, we determined that BAC-CAG mice contain 2 copies of the BAC transgene
(data not shown).

Previous human genomic models of HD showed progressive weight gain (Gray et al.,
slow et al). However, BAC-CAG mice show either no weight gain, or minimal (about 5%) weight
gain at 12m, and normal weight at 2m and 6m (Figure 12b). As well, BAC-CAG mice express
intact MHTT in the striatum at 2, 12 and 18 months of age with minimal soluble mHTT

fragments at these ages (Figure 12C).

3.3 Neuropathology in BAC-CAG mice

mHTT-containing nuclear inclusions (NIs) are a hallmark of HD (DiFiglia et al., 1997).
While robust mHTT aggregates are prominently displayed in the striatum and cortex of mHit Kl
mice (Carty et al., 2015), NIs only emerge at very advanced age in human genomic models

(Bayram-Weston et al., 2015; Gray et al., 2008). To determine whether BAC-CAG mice dispay

46



A B 5o-

HTT BAC (RP11-866L6) S40- B BAC.CAG .
£
2301
f,j,zo-
O
(CAG)mCAA(CAG)gCAACAG @ 107
2M 6M 12M 2M6M 12M
BACCAG Female Male
o _
& F g &5
C

460 kD et S S tup g FL-MHTT (1C2)

268 kD

117 kD .

41 kD

I ——F—

R iy s v — ——y,  -Tubulin

Figure 12: Generation and initial characterizations of BAC-CAG mice.

(A) Schematic representing the modified human HTT BAC (RP11-866L6) with expanded, uninterrupted CAG
repeats. (B) Bar plot showing the mean body weight of male and female mice at different ages. (C) Western blot
with anti-polyQ antibody (1C2) shows intact mHTT in the striatum at different ages. *p<0.05, 2-tail student’s t-
test, error bars = S.E.M.

robust mHTT aggregation, Dr. Gu stained brain sections from BAC-CAG mice at different ages
(6m, 12m,18m and 24m) with antibodies against aggregated mHTT. We did not find nuclear
mHTT accumulaiton or NIs in 6m mice using either EM48 (not shown) or another mHTT
aggregate-sensitive antibody, S830 (Sathasivam et al., 2001) (Figure 13A). However, we found
diffuse nuclear aggregation in 12m, 18m and 24m striatum and in 18m cortex (Figure 13A). We
also observed progressive NI formation in 18m and 24m striatum. Nuclear accumulation of

mHTT was also see in the cerebellum of 18m BAC-CAG mice, but not in hippocampus CA1 and
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Figure 13: Age-dependent mHTT nuclear accumulation and aggregation in BAC-CAG mice.

(A-B) S830 and NeuN staining in different brain regions in BAC-CAG mice at various ages. (C) Bar plots of mean
quantified mHTT protein in cortex, striatum, and cerebellum tissues from BAC-CAG mice at different ages. n=6
mice/ageltissue

dentate gyrus (Figure 13B). This suggests that the distribution of mHTT accumulation in BAC-
CAG mice is much more restricted to the striatum and deep cortical layers, compared to KI mice
(e.g. Q140 and Q175).

To independently and quantitatively evaluate total and aggregated mHTT levels in BAC-

CAG mice, we used Meso Scale Discovery (MSD) (Macdonald et al., 2014; Reindl et al., 2019)
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on protein samples from multiple brain regions (cortex, striatum, cerbelllum) and at different
ages (2m, 6m, 12m, 18m). MSD uses antibodies conjugated to electrochemiluminescent labels
which generate light when stimulated by electricity. This approach offers lower background and
improved signal amplification, sensitivity, and dynamic range compared to traditional ELISA.

K1l models of HD (Q140 and HdhQ150) have previously been reported to show a
decrease in mHTT expression with age (Franich et al., 2018). To determine whether the
expression of human HTT changes over time in BAC-CAG mice, we used MSD to measured
total HTT and mHTT, which should yeild similar results given that BAC-CAG only express
expanded HTT (Figure 13C). MSD for total human HTT, using antibodies against N-terminus
(HTT 7-13aa) and polyproline regions (HTT 51-71aa), showed no significant change in the
cortex, striatum and cerebellum of BAC-CAG mice from 2m thur 18m. MSD assay for mHTT,
using antibodies against N-terminus (HTT 7-13aa) and polyQ regions, showed only the cortex is
significantly increase in mHTT from 12m to 18m, while striatum and cerebellum remained
unchanged. Overall, this suggests that human HTT expression in BAC-CAG mice remains
mostly unchanged with age.

We next used MSD to measure aggregated mHTT, using antibodies against polyproline
(HTT 51-71aa) and an immediately adjacent region (HTT 82-90aa) region, to see if it would
confirm our findings from S830 immunostaining. We found a significant increase with age in
aggregated HTT all 3 tissues (cortex, striatum, and cerebellum) with age (Figure 13C). The
cortex showed no change in aggregated mHTT level from 2m to 12m, but became significantly
inceased at 18m. The striatum, on the other hand, showed progressive increase in mHTT
aggregation from 2m to 18m, and reached significance at 18m. Finally, the cerebellum showed
a similar trend as the striatum, with progressive increase in mHTT aggregation starting at 6m
and reaching a significant increase by 18m. Thus, the MSD assay confirmed our findings with

immunostaining and demonstrates that BAC-CAG mice develop robust and progressive mHTT
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aggregation in multiple brain regions with age. Thus, 12m BAC-CAG mice display
neuropathological features including early mHTT aggregation and NI formation that were not

seen in previous human genomic HD mouse models.

3.4 Striatal transcriptionopathy in BAC-CAG mice is highly concordant with
transcriptional changes seen in alleic series Kl mice Striatum.

HD patients and KI mouse models develop age-related transcriptional changes in the
striatum (Kuhn et al., 2007; Langfelder et al., 2016). However, human genomic HD models do
not recapitulate this phenotype well (Bayram-Weston et al., 2015). To determine whether long
uninterrupted CAG repeats enables BAC-CAG mice to recapitulate the transcriptional changes
seen in HD patients and KI mice, we performed RNAseq analysis of the striatum and cortex at
2m, 6m and 12m of age. We observed relatively few significant DE genes (FDR<0.1) in the
striatum at 2m and 6m (7 and 36 DE genes, respectively). However, 820 genes showed
differential expression in the striatum at 12m of age (Figure 14A). By contrast, the cortex
showed relatively few significant DE genes (FDR<0.1) at all three ages.

We next performed concordance and enrichment analyses to gain a better
understanding of which cellular and molecular pathways are being dysregulated in the 12m
BAC-CAG striatum. We found high concordance between 12 striatal DE genes in BAC-CAG vs
WT and Q140 Kl vs WT (Figure 14B) and enrichment analyses of the 12m BAC-CAG vs WT DE
genes (FDR<0.1) revealed that up- and down-regulated genes were strongly enriched in the
same direction as allelic series KI mice (Q175, Q140, Q150) striatal DE genes (Figure 14C).
This suggests that the differentially expressed transcripts in BAC-CAG striatum are related to
HD pathology, and not merely an effect of the transgene integration. Enrichment analyses also
find that BAC-CAG vs WT striatal DE genes are enriched for HTT CAG-length dependent

modules (M2, M11, M20 and M39) (Langfelder et al., 2016) and showed selective
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Figure 14: Age-dependent cortical and striatal transcriptionopathy in BAC-CAG mice.
(A) Number of genes which are significantly (FDR<0.1) upregulated (red) or downregulated (blue) in BAC-CAG
mice compared to WT at several ages in the cortex and striatum. n=6/genotype at 2m, n=8/genotype at 6m and
12m. (B) A scatterplot showing the z score of each gene in Q140 vs Q120 mice and BAC-CAG vs WT mice. (C)
Gene enrichment terms for the 12m striatal DE genes in BAC-CAG vs WT mice (FDR<0.1).

downregulation of MSN and synapses markers, and upregulation of clustered protocadherins,
similar to the allelic series Kl mice. Thus, BAC-CAG mice display robust age-dependent,

striatal-selective transcriptionopathy, unlike previous human genomic models of HD.
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3.5 Uninterrupted mHTT/mHtt CAG-repeat length predicts transcriptional dysregulation in
striatum of full-length huntingtin models of HD.

To better understand how the BAC-CAG striatal transcriptome compares to previous full-
length huntingtin models, Peter Langfelder performed hierarchical clustering of the striatal
transcriptome of allelic series KI mice at 6m and human genomic models (BAC-CAG, BACHD
and YAC128) at 12m. These ages were chosen because they are the earliest timepoint where
robust transcriptional dysregulation is observed in each model (Bayram-Weston et al., 2015;
Langfelder et al., 2016). Interestingly, the BAC-CAG striatal transcriptome, but not BACHD or
YAC128, clustered closely with the allelic series Kl mice (Figure 15A). This suggests that of the
human genomic models of HD, BAC-CAG mice best recapitulate the striatal transcriptionopathy
seen in the KI HD models (Q140 and Q175). To see if BAC-CAG cortical transcriptome is also
concordant with the allelic series KI mice, we repeated this analysis using the BAC-CAG and
allelic series cortex transcriptomic data. We found that the BAC-CAG cortical transcriptome
shows minimal concordance with Q140 mice and no concordance with the other allelic series
models (Figure 15B). These results suggest that a human genomic model of mHTT with
uninterrupted CAG repeat and murine KI mHtt mice share common transcriptomic signatures in
the striatum, but not the cortex.

The GeM-HD GWAS recently identified that uninterrupted CAG repeats are a better
predictor of HD age of onset than polyQ length (GeM-HD, 2019). We therefore asked whether
uninterrupted CAG repeat length would also predict transcriptionopathy in HD mouse models.
We found that uninterrupted CAG repeat length, but not polyQ length, showed a significant

correlation with transcriptional dysregulation in the striatum of human genomic and KI models of
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Figure 15: Striatal transcriptional changes better pr
PolyQ length.

given tissue at 12m in BAC-CAG mice or 10m in allelic

edicted by uninterrupted CAG repeat length than

(A-B) Tombstone plots and clustering of HD mouse models based on correlation of transcriptional changes in a

series mice. (C) Scatter plots highlighting the robust

correlation between uninterrupted CAG repeat length or polyQ length and concordance of striatal DE genes.

HD (Figure 15C). This suggests that uninterrupted mHTT CAG repeats may directly contribute

to transcriptional dysregulation in the striatum in full-length HTT models.
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Together, our RNAseq analyses reveal that BAC-CAG mice showed age-dependent,
striatum-selective transcriptional dysregulation that closely resemble the allelic series mHitt K
mice. Moreover, our study demonstrates that among the full-length models, the length of the
uninterrupted mHTT CAG repeat length, but not polyQ length, can predict the striatal DE gene

concordance.

3.6 BAC-CAG mice exhibit activity and sleep deficits

One of the earliest behavioral deficits seen in HD patients is sleep disturbance (Morton,
2013), and altered sleep/wake rhythms have been reported in previous HD models (Kudo et al.,
2011; Loh et al., 2013; Morton et al., 2005). To determine whether BAC-CAG mice also exhibit
sleep disruptions, we collaborated with Dr. Chris Colwell and Huei Bin Wang to evaluate
locomotor activity and sleep behavior of these mice (Figure 16A). 12m BAC-CAG mice display
diurnal rhythms of activity. However, BAC-CAG mice were less active than WT mice during the
night (normally their most active period). BAC-CAG mice also slept significantly less than WT
mice during the day (inactive period). Taken together, this suggests BAC-CAG develop deficits
in sleep/wake cycles, similar to previous human genomic models.

Psychiatric symptoms such as anxiety and depression are commonly seen in HD
patients (Thompson et al., 2012), as well as motor impairment (Bates et al., 2015; Reilmann,
2019). Open field testing can be used to measure locomotor and psychiatric behaviors and our
lab has previously reported that 12m BACHD mice show reduced floor plate distance traveled
during open field testing (Wang et al., 2014a). To test if BAC-CAG mice exhibit reduced
locomotion or psychiatric-like phenotype, we performed open field testing on BAC-CAG and WT
mice at 2m and 12m of age. Open field testing was performed at night, when mice are most

active. We found that 2m and 12m BAC-CAG mice do not exhibit any change in floor plate
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Figure 16: Locomotor, sleep, and psychiatric phenotypes in BAC-CAG mice.

(A) Daily average activity or sleep behavior over a 10-day period. N=13 male mice/genotype. (B) Bar plots
showing mean of various open field measurements. N=5-17 mice/genotype/age. *p<0.05, **p<0.005, 2-tail
student’s t-test, error bars = S.E.M.

distance traveled (Figure 16B). 2m BAC-CAG mice show increased time spent in the perimeter
of the open field box, which is an anxiety-like behavior. However, this phenotype was not seen
at 12m. Lastly, 12m BAC-CAG mice showed an increase in number vertical plane entries (i.e.
rearing), which is an exploratory behavior, and was not seen at 2m. Overall, BAC-CAG mice did

not exhibit robust phenotypes using night-time openfield testing.
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3.7 BAC-CAG mice exhibit age-dependent somatic instability of mHTT CAG repeats,
which correlates with activity/sleep deficits

Somatic mHTT CAG repeat instability has become a major focus of HD research, due to
its potential role in modifying HD age of onset (GeM-HD, 2015, 2019; Swami et al., 2009).
Similar to our study in Fan1-KD; Q140 and Q140 mice in chapter 2, we used a PCR-based
protocol established in Vanessa Wheeler’s lab to visualize and quantify repeat instability (Lee et
al., 2010). We found that BAC-CAG mice show an age-dependent increase in somatic mHTT
CAG repeat instability in the striatum and liver, but not cortex, cerebellum, heart, testes, or tail
(Figure 17A-B). This replicates what is previously reported in Q111 KI mice (Lee et al., 2011;
Lee et al., 2010).

To confirm that the increase in CAG repeat instability is an effect of mouse age, and not
an effect of the cohort of mice assayed, we measured the tail CAG repeat instability and modal
CAG repeat length from the same mice at 1m and 12m of age. Mouse tail was used due to its
relative ease of access and minimal impact on the health of the mice. We found that both tail
modal CAG repeat length and IIS increased from 1m to 12m, in each of the BAC-CAG mice
tested (Figure 17C). Thus, BAC-CAG mice show age-dependent increase in CAG repeat
instability and growth of modal CAG repeat length.

CAG repeat instability in post-mortem human cortex correlates with onset of HD (Swami
et al., 2009). We therefore hypothesized that instability indices in brain tissues should correlated
with behavioral deficits in HD mice. To test this hypothesis, we correlated the IS of cortex,
striatum, and cerebellum from 12m BAC-CAG mice with their activity/sleep behavior. We found
a significant negative correlation between striatum IIS and night-time sleep (Figure 18A-B). This

suggests that increased striatal MHTT CAG repeat expansion impairs night-time sleep in BAC-
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Figure 17: Age-dependent somatic CAG repeat instability in BAC-CAG mice.

(A) Representative GeneMapper traces of various tissues showing somatic CAG repeat instability in 2m and
12m BAC-CAG mice. (B) Bar plot showing mean IIS in various tissues from 2m and 12m BAC-CAG mice. n=4-
28 mice/tissue/age. Student’s T test. (C) Tail modal CAG repeat length and IIS from the same BAC-CAG mice
at two different ages. Paired T-test *p<0.05, **p<0.01, ***p<0.001, error bars = S.E.M.
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instability in the cortex and striatum may

act as a modifier of activity/sleep deficits

and possibly other behavioral deficits as well.

3.8 Discussion

The current study helps uncover how mHTT uninterrupted CAG repeats directly
contribute to HD pathology. We've shown that patient-like, pure CAG repeats cause earlier
mHTT accumulation and NI formation, compared to BACHD and YAC128 mouse models. It also
led of a robust striatal transcriptionopathy that is highly concordant with that in the allelic series
Kl models and HD patients. We also established that striatal transcriptionopathy in full-length
HD models is predicted by uninterrupted CAG repeat length, and not polyQ length. Thus, our

current study provides definitive evidence that a human genomic transgenic model of HD with
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long uninterrupted CAG repeats can produce many of the phenotypes missing in the BACHD
and YAC128 models. Our results provide insight into the role of uninterrupted mHTT CAG
repeats in directly contributing to HD pathogenesis.

Our study is the first to show that CAG repeat instability, or more specifically IIS in brain
tissues, correlate with behavioral impairments in HD mouse models. Vanessa Wheeler’s Lab
has previously shown that somatic instability correlates with mHTT nuclear accumulation
(Wheeler, 2003; Kovalenko, 2012; Pinto, 2013), whether mHTT aggregates play a toxic or
protective role remains unclear (Finkbeiner, 2011). We provided evidence that somatic
instability correlates with activity/sleep-related behavior in an HD mouse model. The BAC-CAG
model will be a useful resource in future investigations to understand how somatic CAG repeat
instability, and MMR genes, modify HD pathogenesis.

BAC-CAG mice represent an important advance in HD mouse modeling. BAC-CAG mice
share the strength of both allelic series Kl mice and the previous genomic HD models, in terms
of expressing a full-length human HTT protein, displaying robust behavioral phenotypes, and
developing progressive mHTT nuclear accumulation and age-dependent transcriptional
dysregulation in the striatum. BAC-CAG mice are uniquely suited to study novel therapeutic
approaches to delaying HD onset. Previous genomic HD models are ideal for testing HTT
lowering therapies, as they contain the entire human HTT genomic locus, but the presence of
CAA interruption limited their utility in testing therapeutics to reduce CAG repeat instability.
Fragment and KI HD models, on the other hand, are ideal for testing therapeutics to dampen
CAG repeat instability but have limited utility in testing HTT lowering drugs due to the mostly
murine genomic context. Thus, BAC-CAG mice are the first HD model to allow both HTT
lowering and CAG repeat instability dampening therapeutics to be tested within the same

model. Moreover, BAC-CAG mice allow for testing of the synergistic potential of these novel
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therapeutic approaches as an adjunct therapy which, in theory, would increase the potential to

delay HD onset in human patients.
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CHAPTER 4:

Conclusions and future directions
4.1 Fanl’s role in the brain

Previously, the most parsimonious explanation of how Fanl acts as a modifier in HD is
that Fanl protects vulnerable cell-types (e.g. striatal MSNs) from somatic mMHTT CAG repeat
instability. Thus, loss of Fanl may cause increase expansion of CAG repeats, leading to an
earlier onset of HD symptoms. However, the results presented in Chapter 2, do not support this
hypothesis. While, Fan1-KD led to increased instability of liver CAG repeats at 6m, it had had
minimal impact on somatic instability in the brain, even at 12m old.

Instead, Fanl may act as a modifier through its role in the cortex and more specifically
through OLs. There are several lines of evidence suggesting cortical somatic CAG repeat
instability is an important driver of HD pathology and that Fanl may be involved in the process.
(1) Highly expanded mHTT alleles have been found in the cortex of R6/2 and postmortem
human brains (Kennedy et al., 2003; Larson et al., 2015). (2) Somatic mHTT CAG repeat
instability in the cortex of HD patients correlated with age of onset (Swami et al., 2009). (3) In
chapter 3, we found that cortical 1IS is correlated with locomotor behavior in 12m BAC-CAG
mice. (4) (GeM-HD, 2019) identified a haplotype which is significantly associated with a delayed
onset of HD and is correlated with increased expression of Fanl in the cortex. (5) In chapter 2,
we found that 12m Fan1-KD; Q140 mice showed significantly increased cortical IS using our 1x
PCR protocol, although this difference became non-significant using 5x PCR (Figure 11B-C).

Having shown that Fan1-KD in WT and Q140 mice leads to a decrease in cortical OL
gene expression and that the Fan1-KD; Q140 striatum shows upregulation microglia/immune-

related gene are increased mHTT aggregation, this suggests Fanl plays a protective role in
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cortical OLs, possibly through protecting against somatic instability, and has a non-cell
autonomous effect in the striatum. Thus, loss of Fanl may lead to earlier mHtt-induced white
matter lesions, deficits in cortico-striatal communication and trophic support and exacerbation of
striatal pathology. Future studies should verify some of our preliminary findings in chapter 2 and
begin testing the updated model of Fan1’s role in the brain. It will be important to show that
Fan1-KD; Q140 mice have increased white matter lesions and impaired cortico-striatal
communication. As well, it will also be important to show that specific cortical cell-types, such as
CPNs or OLs, have increased somatic mHtt CAG repeat instability. Additionally, one could also
test if Fanl plays a role in the cortex by crossing a conditional Fanl KO lines with cell-type or
cortex-specific Cre line to see if selectively knocking-down Fanl in these cell-types recapitulate

the phenotypes seen in our Fan1-KD mice.

4.2 Uninterrupted mHTT CAG repeats modify HD-related behavior deficits

In chapter 3, we described the generation and characterization of a novel human
genomic model of HD which contains mHTT with long uninterrupted CAG repeats. We showed
these mice develop (1) robust behavioral phenotypes, (2) nuclear accumulation of mHTT, (3)
age-dependent striatal transcriptionopathy which is highly concordant with DE genes seen in the
allelic series Kl mice, and (4) age-dependent CAG repeat instability. We also demonstrated that
somatic mHTT CAG repeat instability measurements in the cortex and striatum, but not
cerebellum, correlate with behavioral deficits in 12m BAC-CAG mice.

An important validation of the potential of somatic instability dampening therapeutics
would be to show that preventing somatic instability in the striatum or cortex improves HD
symptoms. This could be tested by in BAC-CAG by showing that MMR lowering drug or
crossing BAC-CAG mice to MMR genes (MIh1, Msh2, etc) knocked-out lines improves

activity/sleep-related deficits. Alternatively, we have shown that Fan1-KD may increase cortical

62



IIS (Figure 11B), and thus crossing BAC-CAG mice to Fan1-KD mice may increase cortical

CAG repeat instability and exacerbate activity-related behavior deficits.

4.3 Novel mouse models to aid investigations of Fanl’s role in HD

Fanl’s role in ICL repair has been studied extensively and loss of function mutations in
Fanl are known to cause, KIN, a chronic kidney disease (Airik et al., 2016; Kratz et al., 2010;
Law et al., 2020; Smogorzewska et al., 2010; Thongthip et al., 2016; Zhou et al., 2012). But
Fanl’s role in brain cells has not yet been comprehensively studied. An exhaustive profiling of
direct Fanl interactions, including protein-protein interactors and protein-nucleotide interactors
(DNA/RNA), would greatly aid in understanding the cellular pathways that Fanl is directly
involved in. As well, a brain-wide mapping of Fanl’s expression in both health and disease
would aid in understanding Fanl’s cell-specific roles in the brain. Unfortunately, no validated
antibodies for Fanl exist to date. Thus, we developed a GFP-tagged Fanl Kl (GFP-Fanl)
mouse model to aid our investigation of Fanl’s role in the HD brain. As part of my thesis, | have
worked with the University of California, Irvine (UCI) to develop the GFP-Fanl model (described
in the appendix; Figure 20) and have used these mice to confirm Fanl expression in neurons
and glia, including OLs (Figure 8D).

Our lab will cross GFP-Fanl mice with two mouse models of HD (Q140 and BAC-CAG)
to study the following 3 aims. (1) Determine brain region and cell-type specific expression of
Fan1l in wildtype and HD mice at different ages. (2) Compile an exhaustive list of Fanl protein-
protein interactors using co-immunoprecipitation (colP) and mass spectrometry and apply
systems biology approaches to gain insight into the cellular pathways involving Fanl. (3)
Identify which regions of the genome Fanl directly interacts with by performing ChiPseq. By
completing these three aims, we hope to better understand the expression of Fanl in different

brain regions and cell-types in normal and HD mice, gain deeper insight into the molecular
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pathways involving Fanl, and determine whether Fanl is selectively recruited in vivo to
repetitive regions of the genome, such as trinucleotide repeats.

A key question in understanding Fanl'’s role as a modifier of HD onset is whether the
Fanl R507H missense mutation, which is the most significantly associated SNP (rs150393409)
in the GeM-HD GWAS (GeM-HD, 2019), causes a loss of Fanl function. Sarah Tabrizi's lab has
previously characterized this mutation in vitro and found that it does not impair Fanl’s role in
ICL repair or in protecting against CAG repeat instability (Goold et al., 2019). To better
characterize the impact of this human SNP on Fanl function in vivo, we developed a Kl mouse
model with an equivalent SNP to the one found in humans, called Fan1-R510H mice. A
description of how these mice were generated can be found in the appendix (Figure 19).

Our goal is to cross Fan1-R510H mice with Q140 mice to determine whether Fanl-
R510H; Q140 mice recapitulate the phenotypes seen in Fan1-KD; Q140 mice, including
increased aggregation in the striatum and increased liver instability at 6m of age. If Fan1-R510H
can recapitulate one or all of these phenotypes in Q140 mice, it would suggest that R507H
causes a loss of Fan1 function. It would also suggest that Fanl is a protective modifier in HD.

GeM-HD identified several FAN1 haplotypes which were significantly associated with
modifying HD age of onset. One haplotype which delays HD onset, is significantly correlated
with increased expression of FAN1 mRNA in the cortex, but not striatum. To test the hypothesis
that a physiological increase in FAN1 expression is protective in HD, we generated a novel BAC
transgenic mouse model which overexpresses human FAN1, known as BAC-FAN1 mice. A
description of how we generated this mouse model can be found in the appendix (Figure 22 and
Figure 23).

We plan to cross these mice with two mouse models of HD (Q140 and BAC-CAG) to test
whether overexpression of human FAN1 can rescue HD pathology. These mice will be tested

for transcriptional changes, pathological accumulation of mHTT, behavioral (sleep/activity)
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changes, and somatic mHTT CAG repeat instability. Completion of this study will provide
compelling evidence to determine whther FAN1 overexpression is protective in HD and would
highlight the potential of FAN1 as being a viable therapeutic target to delay the onset of HD in

human patients.

4.4 Concluding thoughts
We also showed how uninterrupted CAG repeat in mHTT are directly involved in

molecular pathologies, separate from encoding glutamine. While HD models with interrupted
CAG repeats (e.g. BACHD and YAC128) recapitulate many HD phenotypes, mHTT nuclear
accumulation, NIs, and transcriptional changes in the striatum seem to be related to length of
uninterrupted CAG repeats. The BAC-CAG model will be an invaluable for investigations of pure
CAG repeat-dependent pathological mechanism of HD. As well, they will serve as a pivotal
resource for development of novel HD therapeutic to delay onset of HD.

Occam'’s razor would suggest that FAN1, as a DNA repair nuclease that interacts with
MMR proteins, would likely act as a HD modifier through protection against CAG repeat
instability in striatal MSNs. But our current data does not support this hypothesis. Rather, data
from GeM-HD GWAS and our RNAseq results suggest Fanl plays a significant HD-related role
in the cortex, potentially through stabilizing somatic CAG repeat instability. And the increase in
striatal mMHTT aggregation we observed in 12m Fanl1-KD; Q140 mice suggests Fanl-KD also
contributes to striatal HD pathology, either through cell autonomous or non-cell autonomous
mechanisms. More fully elucidating the brain regions and cell-types expressing Fanl and the
molecular mechanisms involving Fanl in the brain will undoubtedly yield deeper insights, not

only into how Fanl acts as a modifier, but also into fundamental HD biology.

65



APPENDIX

Mouse models to aid in investigations of Fanl

A.1 Generation and validation of Fan1-R510H and GFP-Fan1 mice

The human missense R507H variant of FAN1 (rs150393409) is significantly associated
with an earlier onset of HD motor symptoms (GeM-HD, 2015, 2019). To better understand the
functional significance of this variant, we generated a murine KI mouse line with an equivalent to
the human FAN1 R507H variant, which in the mouse is corresponding to the murine R510
residue (Figure 19A). We used CRISPR-Cas9 directed homology-dependent repair to introduce
a targeted mutation in exon 4 of the murine Fanl gene. Working with the UC core facility at UC
Irvine (i.e. UCI Transgenic Mouse Facility or UCI-TMF), we injected two guide-RNAs along with
Cas9 and a single-stranded oligonucleotide (ssOligo) in >200 mouse oocytes and implant into
pseudo pregnant dams. The ssOligo contained silent mutations to destroy the CRISPR cutsite
after Kl, which prevents re-cleavage by Cas9 and increases the efficiency of generating the
targeted mutation (Figure 19B). 13 live pups were born and screened for the R510H knock-in
using a PCR- and restriction digest-based assay (Figure 19C). Briefly, Kl of the R510H variant
destroys an Afel restriction enzyme cut site. Primers flanking the R510H knock-in site were
used to PCR amplify Kl region. PCR products were then digested with either Afel (which should
only digest PCR product from WT alleles) or Accl (which should digest PCR products from both
WT an R510H KI alleles). Using this assay, we identified 7 potential founders of Fan1-R510H
allele (Figure 19D). Sanger sequencing of the mutated allele confirmed the successful Kl of the

R510H point mutations without unintended mutations occurring. We crossed the mosaic
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Figure 19: Generation of Fan1-R510H KI mice.

(A) Alignment of Human and mouse Fanl amino acid sequence showing that human FAN1
amino acid 507 is equivalent to mouse Fanl amino acid 510. (B) Schematic showing silent
(blue letters) and missense (red letter) mutations created by 510H knock-in. (C) Diagram
showing how R510H mutation destroys Afel cut site which was used to genotype mosaic
founders. (D) Results of genotyping mosaic founders by PCR and restriction enzyme digest.
Red asterisk highlights pups which have a mutation at R510.

Afel digest

founders with WT mice to establish F1 mice and confirmed the successful germline
transmission of the Fan1-R510H KI allele.

Using a similar principle as described above, we worked with UCI-TMF to develop a
Fanl KI mouse encoding an N-terminal GFP fused to the endogenous Fanl protein by a 21
amino acid linker sequence (GFP-Fanl; Figure 20A). The linker amino acid sequence used
(“ARGYQTLSLYKKAGSAAAPFT”) was suggested by a postdoc in Agata Smogorzewska lab,
Ryan White PhD. To generate the GFP-Fan1 model, two gRNAs were used to create double-
strand breaks near the N-terminus of murine Fanl, in exon2 of the murine Fanl gene. The
gRNAs were co-injected into C57/BL6J zygotes with Cas9 protein and a long synthesized single
strand DNA containing GFP and linker sequences flanked by Fanl genomic DNA sequence (i.e.
homology arms). The embryos were implanted into pseudo-pregnant surrogate females and

resulting pups were screened by PCR using one primer 5’ of the knock-in site and one primer
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Figure 20: Generation of GFP-Fanl Kl mice.

(A) Schematic showing GFP and linker sequencing being knocked-in to mouse Fanl exon 2.
(B) Agarose gel showing one pup with correct GFP knock-in (C) Diagram showing how in the
process of creating the GFP knock-in, on silent mutation (blue) and one missense mutation
(red) were created in the N-terminus of Fanl. (D) Comparison of several species showing
that the R5S missense mutation is not in a highly conserved amino acid.

within the GFP-knock-in (Figure 20B). We obtained one correctly targeted GFP-Fanl transgenic
line that conferred germline transmission of the GFP-Fanl allele. We performed sanger
sequencing of the N-terminal Fanl region (not shown) to confirm the successful knock-in of the
GFP and linker sequences. From sequencing, we found one non-conserved amino acid residue
change at position 5 of Fanl (R5S; Figure 20C). This residue is R and K in rodents, but G in cat,
chimp and human, suggesting it is not highly conserved in mammals (Figure 20D). This
suggests that the R5S variant in GFP-Fanl KI mice is unlikely to alter Fanl function.

To determine whether the R510H or GFP-Fanl Kl mutations impact the function of
Fanl, we generated fibroblast cell lines from wildtype, Fan1-KD, GFP-Fanl and Fan1-KD mice.
These fibroblast cell lines were acutely exposed to increasing concentrations of MMC and cell
survival was measured using Cell Counting Kit-8 (Dojindo). We found that acute exposure of

high concentrations of MMC (300nM) lead to a significant increase in cell death in Fan1-KD and
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Figure 21: Validation of Fan1-R510H and GFP-Fanl Kl mice.

(A) Assay for Fanl function by testing the sensitivity of different fibroblast lines acute
exposure of MMC. *p<0.05 comparing R510H and WT. (B) Fold change of genes in the
mismatch repair and Fanconi anemia pathway in fibroblasts that were acutely exposed to
MMC. (C) 64x confocal image of GFP-Fanl subcellular localization in fibroblast after acute
exposure to MMC. Cell were fixed and stained with GFP antibodies to amplify signal. (D)
Comparing GFP-Fan1 fluorescent intensity at baseline to after acute exposure to ICL-
inducing agents MMC or cisplatin. (E) Representative GeneMapper traces from 6m mouse
liver with the IIS score of each trace shown on the right. (F) Mean instability index score of
6m mouse liver (n=6/genotype). (G) Mean modal CAG repeat length from 6m mouse liver
(n=6/genotype). *p<0.05, **p<0.01, ***p<0.001, student’s t-test.
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Fan1-R510H fibroblasts lines, compared to WT and GFP-Fanl cell lines (p<0.05, single-factor
ANOVA and student’s t-test; Figure 21A). This suggests that Fan1-R510H fibroblasts are
hypofunctional and that GFP-Fanl mice possess normal Fanl function.

To determine whether the N-terminal GFP Kl impacts Fanl'’s ability to prevent somatic
expansion of liver mHTT CAG repeats, we crossed GFP-Fanl mice to Q140 mice. We
measured the CAG repeat instability of the liver from two independent cohorts of Q140 mice,
GFP-Fanl; Q140 mice, and Fan1-KD; Q140 mice at 6m old (Figure 21E-F). We found that the
two cohorts of Q140 mice showed no different in 1S, confirming the replicability of results using
this assay. We also found that there was a significant increase in the Fan1-KD; Q140 liver,
compared to Q140 or GFP-Fanl; Q140, confirming our results in chapter 2 (Figure 8A). Lastly,
we found no significant different between Q140 and GFP-Fanl; Q140 mice, suggesting that the
N-terminal GFP Kl and R5S mutations do not impact Fanl’s function in somatic instability of
CAG repeats.

We noticed that the modal CAG repeat lengths (i.e. the tallest peak in the GeneMapper
traces) were significantly different between the different cohort of mice (Figure 21G). Group B
Q140 mice showed a significantly shorter modal CAG repeat compared to Group A Q140 mice.
Similarly, GFP-Fan1; Q140 mice had a significantly longer modal CAG repeat length than the
other 3 cohorts. We believe this is an effect of the mHTT allele inherited from different Q140
breeders used to generate these different cohort of mice of mice, rather than effect of the N-
terminal GFP Kl or R5S mutations. This is because the two groups of Q140 mice showed a
significant difference, even without a mutation in Fanl. As well, Fan1-KD; Q140 mice showed
no difference from Q140 mice, suggesting loss of Fanl function does not increase modal CAG
repeat length in the liver. Thus, it is most likely that GFP-Fan1; Q140 cohort of mice inherited a

mHTT allele with a longer modal CAG repeat length than the other 3 genotypes.
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We next characterized GFP-Fanl’s subcellular localization. We used WT mouse
fibroblast cells to test if acute exposure to MMC would increase the mRNA expression of Fanl
or other DNA repair genes using gRT-PCR. We found that Fanl, and two direct interacts of
Fanl (Fancd2 and Pms1) showed a significant increase in mRNA expression in response to
acute exposure to MMC. (Figure 21B). We then exposed WT and GFP-Fanl fibroblasts to MMC
before fixing the cells and staining with GFP antibodies. We found that wildtype cell showed
minor background GFP-antibody staining, while GFP-Fan1l fibroblasts showed robust nuclear
punctate expression of GFP-Fanl (Figure 21C). We next wanted to see if acute exposure of
ICL-inducing agents would increase GFP-Fanl protein expression level, like it induced an
increase MRNA transcript expression. We acutely exposed GFP-Fanl cells to either MMC or
Cisplatin, before fixing and staining with GFP antibodies. We found that without ICL-inducing
agents, GFP-Fanl showed moderate GFP-signal in the nucleus (Figure 21D). But after acute
exposure to either MMC or cisplatin, the GFP fluorescence increase dramatically. This suggests
that acute exposure of ICL-inducing agents leads to an increase in Fanl mRNA and protein

expression, and the Fanl is localized mostly to the nucleus.

A.2 Generation of BAC-FAN1 mice

One of the FAN1 haplotypes identified by the GeM-HD (GeM-HD, 2019) GWAS was
significantly associated with delayed onset of HD and was correlated with increased expression
of Fanl in the cortex. This suggests that overexpression of FAN1 in HD may be protective. To
test this hypothesis, we develop a human FAN1 BAC transgenic mouse line. We obtained a
human BAC containing the FAN1 gene (RP11-953N4) from BACPAC Resources at Children's
Hospital Oakland Research Institute. This BAC contained two genes, FAN1 and MTMR10 which
were encoded on opposite strands. In order to selectively overexpress FAN1, we needed to KO

MTMR10 by delete one of the exons on the BAC (Figure 22A). We choose to delete MTMR10
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Figure 22: Modifying human FAN1 BAC

(A) Schematic of the genes contained within Human BAC RP11-953N4. (B) Diagram of the
BAC modification to delete MTMR10 exon 3 and replace with EcoRI restriction enzyme cut
site. (C) PCR to confirm MTMR10 exon 3 deletion by using PCR primers that will amplify

through either homology arm A or homology arm B. (D) Representative sanger sequencing
result showing that MTMR10 exon 3 has been replace by an EcoRI site.

exon3 because it would cause a frameshift mutation and should lead to nonsense mediated
decay of the transcripts. We used homologous recombination to replace the MTMR10 exon3
with an EcoRI cute site (Figure 22B). We then confirmed the deletion of MTMR10 exon3 using
PCR with two pairs primers (i.e. ArmA and ArmB primer sets; Figure 22B). The ArmA forward
primer was 5’ homology Arm A and the reverse primer was on the 5’ end of ArmB. Similarly, the
ArmB forward primer was on the 3’ end of ArmA and the reverse primer was just 3’ of Arm B. In
this way, the unmodified BAC would yield a larger amplicon and the modified BAC with
MTMR10 exon3 deleted would yield a smaller band. Using both primer sets, identified several
modified BACs which had (Figure 22C), which were subsequently sequenced to confirm that

MTMR10 exon 3 was replaced with an EcoRI cutsite (Figure 22D).
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With MTMR10 successfully knocked-out, we linearized and purified our modified FAN1
BAC. Working with the Cedars Sinai Transgenic Core, we microinjected the modified FAN1
BAC into FvB/NJ fertilized oocytes and implant into pseudo-pregnant dams. 6 mosaic pups
were born (5 male and 1 female), which were screened for the FAN1 BAC transgene by PCR
with human FAN1 specific primers (Figure 23A-B). 4 of the 6 pups were positive for the FAN1
BAC transgene and are referred to as BAC-FANL lines 1-4. All 4 BAC-FANL lines were able to

germline transmit the BAC-FANL1 transgene.
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Figure 23: Generation of BAC-FAN1 mice

(A) Schematic showing how primers were designed to amplify specifically from the human
FANL1 gene. (B) Genotyping results identifying 4 transgenic pups which contain integrated
BAC-Fanl. BAC-Fanl P.C. was amplified using the modified FAN1 BAC DNA as a positive
control (C) qRT-PCR result showing the genomic copy humber of human Fanl BACs
integrated in the 4 lines which were generated. (D) gRT-PCR result comparing FAN1 mRNA
expression in 3 of the BAC-FANL1 lines which were generated.
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We then performed gRT-PCR to determine the copy number of BAC-FANL1 transgenes
integrated into the mouse genome in each BAC-FANL1 line. By comparing the 2™94 between the
BAC-FANL1 lines and a human genomic sample (which has 2 copies of FAN1), we were able to
determine that BAC-Fanl lines 1, 2, and 4 have two copies of BAC-FANL1 integrated, and line 3
has one copy. Next compared the expression of human FAN1 mRNA expression in the cortex
between three of the BAC-FANL lines. We found that BAC-FAN1 had the highest expression of

FAN1 in the cortex and will be used as the main BAC-FANL1 line in future studies.

A.3 Fanl1-KD does not impact the expression of alternatively spliced mHTT transcript
with intronl retention

Incompletely splicing of HTT mRNA is seen in HD mouse models and human HD
patients and generates a truncated mRNA comprising HTT exon1 and the 5' region of intronl
(Neueder et al., 2017; Sathasivam et al., 2013). The expression of this read-through product is
proportional to CAG repeat length and leads to the production of the exon 1 HTT protein
fragments, which are the most pathogenic HTT fragments. To test whether Fan1-KD affects the
read-through of exonl and the expression of HTT exonl-intronl mRNA transcript, we mapped
the reads from our 12m RNAseq study in the striatum (Figure 4) and cortex (Figure 6) of WT,
Fan1-KD, Q140, and Fan1-KD; Q140 mice (Figures 23A-B). We found Q140 and Fanl1-KD;
Q140 mice show increased read counts in HTT intronl in both the cortex and striatum,
compared to WT and Fan1-KD mice (Figure 24E-F). The increased number of reads seemed to
be enriched in the 5’ region of intron1 (Figure 24), supporting the idea that this reflects the
truncated HTT exonl-intronl transcript. However, we did not see a significant difference

between Q140 and Fanl1-KD; Q140 mice in either the cortex or striatum (Figure 23E-F). This
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Figure 24: Expression of alternatively spliced mHTT transcript with intron1 retention

(A-B) Mapping of RNAseq reads in Htt intron1 from 12m striatum and cortex. (C-D) Mapping of RNAseq reads in
5’ region of Htt intron1 from 12m striatum and cortex. (E-F) Bar graphs show the mean read counts within Htt
intron1 and 5’ region of intronl. n=6 mice/genotype, *p<0.05, **p<0.01, ***p<0.001 compared to WT, #p<0.05, # #
#p<0.001 compared to Fan1-KD; Q140, student’s t-test.

suggests that Fanl does not play a role in alternative splicing of this truncated HTT exonl-

intron1 mMRNA or the regulation of this transcript.
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MATERIALS AND METHODS

Mouse Breeding, Maintenance, and Genotyping

Fanl-KD, GFP-Fanl, and and Q140 mice were bred, maintained in the C57BL/6J background.
Fanl-KD Hets were crossed with Q140 mice obtain Fan1-KD Het; Q140 mice. Fan1l-KD Het;
Q140 mice were then bred with Fan1-KD Het mice to obtain the following 4 genotypes: WT,
Fanl-KD, Q140, and Fan1-KD; Q140. GFP-Fanl Het mice were crossed with Q140 mice obtain
GFP-Fanl Het; Q140 mice. GFP-Fanl Het; Q140 mice were then bred with GFP-Fanl1 Het mice
to obtain to obtain genotypes: WT, GFP-Fan1, Q140, and GFP-Fanl; Q140 mice. Although only
WT and GFP-Fanl mice were used for the studies described. Mice were bred and housed
under standard conditions, consistent with NIH guidelines and approved by the UCLA
Chancellor's Animal Research Committee. Mice were genotyped with the following primer

sequences (all sequences are shown in the 5’ to 3’ direction):

Allele Forward Primer Reverse Primer

Fanl-KD WT GCTTTCAGAGCTTCCTCGTCTGG CAGAGTGAGTTCTAGGACAGGCAGG
Fan1-KD KD GGGATCTCATGCTGGAGTTCTTCG CAGAGTGAGTTCTAGGACAGGCAGG
GFP-Fan1 WT GGTCGCCCACTTTCTCTAATAG GGTGGTGATAATTTCTGAGGTGTC
GFP-Fanl Ki GGTCGCCCACTTTCTCTAATAG GAAGTCGATGCCCTTCAGC

Q140 CTGCACCGACCGTGAGTCC GAAGGCACTGGAGTCGTGAC
BAC-CAG GCAACGTGCGTGTCTCTG TGTTCCCAAAGCCTGCTC
Fanl-R510H WT CAAACAGCGCTCAGTCTGCACG CTGTCTGGCTGAGAGCAGTG
Fan1-R510H KI CTAAACAGCACTCAGTGTGTACC CTGTCTGGCTGAGAGCAGTG
BAC-FAN1 CTACCCGGGAATGTGAGAAATC GGAATGCTGTGAGGGATATCATTG

Transgene construct and generation of BAC-CAG mice
mHTT exonl containing expanded CAG repeats was PCR amplified from DNA template of

mHTT-Exon1 plasmid (gift from Dr. G. Bates) and cloned into shuttle vector pLD53-SCAB.
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Multiple clones were picked up and CAG repeat sizes were sequenced at Laragen ( Los
Angeles, CA). We selected the clone with the longest CAG repeat size [(CAG)130-CAA-
(CAG)10-CAACAG] and cultured in LB medium in 30 °C incubator. Purified plasmid DNAs were
used to modify human huntingtin BAC (RP11-866L6) clone as reported previously(Yang et al.,
1997; Gu et al., 2005). The modified BAC DNAs were confirmed by sequencing before
subjected to microinject into FVB/NJ fertilized oocytes at the Cedars Sinai Transgenic Core to
generate BAC-CAG mice. Ten founders were identified by PCR amplification and sequencing.
We selected two lines with relatively higher transgene expression levels in Western blot assay
for further analysis. Transgenic mice were bred and maintained under standard conditions,
consistent with NIH guidelines. All procedures complied with regulations and were approved by

the UCLA Institutional Animal Care and Use Committee.

Quantitation of mMHTT expression by Western blot and MSD assays

Three mice each from 10 founder lines and BACHD positive control were used for mHTT
guantification by Western blot assay probed with MAB5492 antibody (anti-human HTT
polyproline domain; EMD Millipore, Billerica, MA), 1C2, and U-tubulin as reported previously
(Gray et al 2008; Gu et al. 2009). Briefly, brains from 6-week old mice of each line were
dissected. 40 ug protein from each forebrain lysate was mixed with NUPAGE LDS loading buffer
(Invitrogen) and heated for 10 min at 70JC, then resolved on 3-8% Tris-Acetate NUPAGE gel
(Invitrogen). After protein transfer to PVDF membrane, blots were probed with respective
antibodies. We used human huntingtin specific and polyQ-independent MAB5492 antibody for
detection and quantification. Densitometric values from scanned Western blot films were
obtained using ImageQuantTL software (GE Healthcare).

Total, expanded and aggregated forms of mHTT protein levels in cortex, striatum and

cerebellum of 2, 6 and 12 month old of ages were measured using MSD method based on Tr-
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FRET Immunoassay platforms carried out at Evotec® (www.evotec.com). Briefly, about 50 ug
tissues of cortex, striatum and cerebellum were dissected out from 4 mice of each groups of 2, 6
and 12 month old of ages of BAC-CAG and its WT littermates. Frozen tissues were sent to
Evotec and total mHTT proteins were measured using 2B7/4C9 antibody pair; expanded mHTT

proteins 2B7/MW1 and aggregated mHTT MW8/4C9 antibody pairs.

Behavioral Tests

Accelerating Rotarod test is used to evaluate the motor coordination and motor skill learning of
the mouse. Briefly, mice of 2 month old of age were trained to stay on the bars for 2 continuous
days at 4 rpm steady speed; then tested for 3 days at rotate speed from 4 to 40 rpm within 5
minutes. Three trials per day were carried out for each mouse. The time of the testing mouse
remind on the bar was recorded. Mice were tested at 2, 6 and 12 months of age (Gray et al.
2008; Gu et al. 2009). The mice were coded, and the investigator was blind to the genotype of
the mice during testing and analysis.

The grip strength test is used to measure the neuromuscular function. Remove a mouse from its
home cage, Lower the mouse over the grid keeping the torso horizontal and allowing only its
forepaws to attach to the grid. Gently pull the mouse back by its tail ensuring the mouse grips
the top portion of the grid and the torso remains horizontal and record the maximal grip strength
value. Repeat this procedure twice more. Average of the three readings as the final result.
Open field test is used to measure locomotion and psychiatric-like phenotypes. Automated open
field analysis was used to assess locomotor activity. Mice were tested in the automated open

field (Coburn) at 12m. Sessions lasted 15 minutes.
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Fresh Frozen Tissue collection
Tissue was dissected from WT, Fanl1-KD, Q140, and Fan1-KD; Q140 mice at 6m and 12m.
Brain (cortex, striatum, cerebellum) and peripheral tissue (heart, liver, gonads, tail) were

dissected simultaneously and immediately flash-frozen on dry ice.

Analysis of CAG repeat instability

About 100 pg tissues of cortex, striatum, cerebellum, heart, liver, gonad and tail dissected from
4 mice for each groups of 6 and 12 month old mice, and were digested with proteinase K
overnight at 550C water bath. Genomic DNAs were isolated using phenol: chloroform extraction
and precipitated with sodium acetate /ethanol, washed extensively with 70% ethanol. The mHTT
CAG repeat was amplified using a human-specific PCR assay from sample DNAs. The forward
primer was fluorescently labeled with 6-FAM (Applied Biosystems) and products were resolved
using the ABI 3730xlI DNA analyzer (Applied Biosystems) with GeneScan 500 LIZ as internal
size standard (Applied Biosystems). GeneMapper v5 (Applied Biosystems) was used to
generate CAG repeat size distribution traces. Expansion and contraction indices were quantified
from the GeneMapper CAG repeat distributions as reported (Lee, et al. 2010). Briefly, peaks
below 50 relative fluorescent units (RFUs) were excluded from analysis. Peak heights were then
normalized to the sum of all peak heights. Normalized peak heights were multiplied by the
change in CAG repeat length of each peak relative to the highest peak and summed to generate

an instability index score representing the mean CAG length change from the main allele.

RNA Extraction and mRNA sequencing
Four male and female littermate mice of each genotype (WT, Fanl1-KD Het, Fan1-KD, Q140,
Fanl1-KD Het; Q140, Fanl1-KD; Q140) were used for 6m RNAseq study. Three male and female

littermate mice of each genotype (WT, Fan1-KD, Q140, Fan1-KD; Q140) were used for 12m
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RNAseq study. Animals were deeply anesthetized with pentobarbital prior to transcardial
perfusion with 0.1 mM phosphate buffered saline (PBS), pH7.4, made with DEPC-treated water.
Brains were dissected in ice cold PBS, and flash-frozen on dry ice. Tissue was stored at -80°C
until all tissues were ready for RNA preparation. Tissues were disrupted and homogenized in
Trizol (Invitrogen; Carlsbad, CA) before total RNA was extracted using Qiagen (Valencia, CA)
RNeasy kit with QIAshredder columns, per the manufacturers’ recommendations, including on-
column DNase digestion. Total RNAs were stored at -80°C until use, avoiding freeze-thaw
cycles. RNA guality was measured using the Agilent Bioanalyzer system according to the
manufacturer’'s recommendations and cDNA libraries were simultaneously generated and
sequenced using an Illlumina HiSeq 2000 sequence using strand-specific, paired-end, 50-mer
sequencing protocols to a minimum read depth of 40 million reads per sample, as previously
described (Langfelder P., et al. 2016). Clipped reads were aligned to mouse genome mm9
using the STAR aligner using default settings. Read counts for individual genes were obtained

using HTSeq.

MRNA expression data preprocessing

Expression data from each age were analyzed as a separate set. We retained only genes with
at least 1 count per million aligned reads in at least ¥ of the total number of samples. The
rationale is to only include genes that are likely to be expressed in at least half of the samples of
each genotype group. We used a modified version of the sample network methodology
originally described in (Oldham et al., 2012). Specifically, to quantify inter-sample connectivity,
we first transformed the raw counts using variance stabilization (R function
varianceStabilizingTransformation) and then used Euclidean inter-sample distance based on the
scaled profiles of the 8000 genes with highest mean expression. The intersample connectivities

k were transformed to Z scores using robust standardization,
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_ k, —median(k)
* 1.4826x MAD(K) ’

where index a labels samples, MAD is the median absolute deviation, a robust analog of
standard deviation, and the constant 1.4826 ensures asymptotic consistency (approximate
equality of MAD and standard deviation for large, normally distributed samples). Finally,

samples with Za < -6 were flagged as outliers.

Differential expression analysis

To make DE analysis more robust against potential outlier measurements (counts) that may
remain even after outlier sample removal, we defined individual observation weights designed to
downweigh potential outliers. The weights are constructed separately for each gene. First,
Tukey bi-square-like weights A (Wilcox, 2012) are calculated for each (variance-stabilized)

observation xa (index a labels samples) as
2 =(1-u.2),

where

u, = min {1|x, —median(x)|/ (9 MMAD(x)) |

The median is calculated separately for each gene across all samples. MMAD stands for
modified MAD, calculated as follows. For each gene, we first set MMAD = MAD. The following
conditions are then checked separately for each gene: (1) 10th percentile of the weights is at
least 0.1 (that is, the proportion of observations with weights <0.1 is less than 10%) (Langfelder
and Horvath, 2012) and (2) for each individual genotype, 40th percentile of the weights is at
least 0.9 (that is, at least 40% of the observation have a high coefficient of at least 0.9). If both
conditions are met, MMAD = MAD. If either condition is not met, MMAD equals the lowest value

for which both conditions are met. The rationale is to exclude outliers but ensure that the
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number of outliers is not too large either overall or in each genotype group. This approach has

previously been used in (Lee et al., 2018).

DE analysis was carried out using DESeq2 (Love et al., 2014) version 1.22.2 with default
arguments except for disabling outlier replacement (since we use weights to downweigh
potential outliers) and independent filtering (since we have pre-filtered genes based on

expression levels).

Enrichment analysis

Enrichment calculations were carried out using R package anRichment
(HTTps://horvath.genetics.ucla.edu/html/CoexpressionNetwork/GeneAnnotation/) that
implements standard Fisher exact test and a multiple-testing correction across all query and

refence gene sets.

Antigen Retrieval and Immunohistochemical Staining

Immunostaining was carried out using published methods (Gu et al., 2009). S830 (gift from Dr.
G. Bates; 1:10,000 dilution) antibody was used for mHTT aggregate detection. GFAP antibody
(Sigma, 1:20,000 dilution) was used for detection of reactive astrocytes; NeuN antibody
(Millipore, 1:1,000) was used to identify neurons. Ubiquitin antibody (Dako, 1:1,000 dilution) was
used for detection of ubiquitin. Actn2 antibody (1:500) was used to quantification of its
expression in striatum. For double immunofluorescent staining (e.g. S830/NeuN and
S830/Ubiquitin) we added the S830 antibody and incubated at 4C1C for one day, then added
NeuN or Ubi antibody and incubated at 4°C overnight.

Images were acquired using a Dragonfly High-Speed Confocal Microscope 200 and the Fusion

2.0 software package (Andor, Oxford Instrument). Laser and detector settings were maintained
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constant for the acquisition of each immunostaining. For all analyses, at least three images
were taken per brain region and slide using x60 oil objective lens, at 2,048 x 2,048 pixel

resolution, with z-step size of 1 um at 10 ym thickness.

Immunofluorescent Staining.

12mo mice from the Fan1-KD x Q140 cross were used for neuropathology studies (N = 6 per
genotype). 6m GFP-Fanl mice were used for the Fanl cell-type expression study. All mice
were transcardially perfused using 0.1M PBS and post-fixed with 4% PFA . Fixed brains were
incubated in 30% sucrose in 0.1M PSB for 3 days at 40C. Brains were then flash frozen and
kept in -800C freezer. Brains were sectioned using a cryostat cut 40um think brain sections.
Immunofluorescent staining was performed using the following antibodies. Anti-Actn2
(Epitomics EP2529Y, 1:800), Anti-VGIlutl (EMD Millipore MAB5502, 1:500), Anti-Em48
(Molecular Biology Reagents MAB5374; 1:350), anti-NeuN (Millipore MAB377, 1:1,000), and
anti-GFP (Novus NB600-308, 1:2000). These were followed by the compatible Alexa Fluor
conjugated secondary antibodies (Life technologies goat anti-rabbit and goat anti-mouse Alexa
Fluor-594 A11037 and A11005, goat anti-rabbit Alexa Fluor-488 A11008, 1:300). Sections were
imaged using a Zeiss LSM800 confocal laser scanning microscope and immunofluorescent
intensity measured using ImageJ (NIH). All images for each study were taken under identical

conditions and quantitated blind to genotype.
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