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ABSTRACT OF THE DISSERTATION

G3BP1-positive stress granule pathology in brains of Huntington’s disease mice and
human patients and a potential role for extracellular vesicle-derived miRNA

regulation

By

Isabella Inez Sanchez
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2020

Professor Leslie M. Thompson, Chair

Stress granules (SGs) are membraneless organelles that form in response to cellular stress.
Chronic cellular stress associated with neurodegenerative disease results in the persistence
of SG structures. Chronic expression of mutant huntingtin generates various forms of
cellular stress, including activation of the unfolded protein response and oxidative stress.
However, it has yet to be determined whether SGs are a feature of Huntington’s disease
(HD) neuropathology. For my dissertation, I investigated localization and levels of the SG
nucleating protein G3BP1 and found a significant increase in the density of G3BP1-positive
SGs in the cortex and hippocampus of R6/2 transgenic mice, as well as in the superior
frontal cortex of HD patient brains. I also examined the miRNA composition of extracellular
vesicles (EVs) present in the cerebrospinal fluid (CSF) of HD patients and show that a
subset of their target mRNAs is differentially expressed in the prefrontal cortex of HD
patients. Of these targets, there is an enrichment of SG components, including G3BP1.
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These findings suggest that SG dynamics might play a role in the pathophysiology of HD.
Lastly, because the majority of the CSF is produced by choroid plexus epithelial cells, and a
significant portion of CSF EVs likely originate from CPECs, I initiated the generation
induced pluripotent stem cell (iPSC)-derived CPECs from HD and control lines that will
allow for future mechanistic studies of EV secretion. Together, my work provides evidence
of a potential role for CSF EV miRNAs in the regulation of SGs, identifies specific miRNAs
that modulate the SG component G3BP1, and demonstrates feasibility for the generation of

an iPSC-derived CPEC model.
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INTRODUCTION

A. Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease that
broadly impacts patients’ functional abilities via the manifestation of chronic and
progressive involuntary movements, cognitive impairment, and psychiatric disturbances.
HD is caused by an expanded CAG repeat in exon 1 of the HTT gene (The Huntington’s
Disease Collaborative Research Group, 1993). CAG repeats of 40 or more are associated
with disease expression, repeats of 26 or less are not (Myers, 2004), and CAG repeats in the
36 to 39 range are associated with reduced penetrance (Rubinsztein et al., 1996). CAG
repeats in the 27 to 35 range are not associated with disease expression, however these
can be meiotically unstable in paternal transmission and result in the inheritance of
disease-associated repeats of 40 or more (Trottier et al., 1994). There is an inverse
dependency upon repeat length that impacts the age of onset, and CAG repeats of 60 and
higher result in juvenile disease onset (Andresen et al, 2007). However, age of disease
onset cannot be fully predicted from CAG repeat length (Wexler et al., 2004) and genetic
modifiers are being discovered through GWAS and whole genome sequencing patient

studies (GeM-HD, 2015, 2019).

The CAG-repeat expansion is a characteristic shared by other neurodegenerative diseases,
including six spinocerebellar ataxias, Kennedy’s disease (spinal bulbar muscular atrophy)
and DRPLA (dentatorubral-pallidoluysian atrophy) (Reddy et al, 1997; Paulson et al, 2009;
Klockgether et al., 2019). In HD, disease is primarily driven by a ‘gain of function’, however
it is becoming clear in recent years that disease also involves ‘loss of function’ of wild type
HTT (Schulte et al, 2011; Cisbani et al, 2012; Saudou et al., 2016). Wild-type HTT is mainly
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localized in the cytoplasm, but shuttles between the cytosol and nucleus (Truant et al,
2007; Desmond et al, 2013). However, mHTT progressively accumulates in the nucleus
(DiFiglia et al, 1997; Sharp et al 1995; Martindale et al, 1998; Hackam et al, 1999), where it
forms insoluble intranuclear inclusions (DiFiglia et al, 1997; Davies et al,, 1997). mHTT
gives rise to a number of aggregated species, and it is yet to be determined which species
confer toxicity and which are neuroprotective (Arrasate et al, 2014; Poirier et al, 2002;
Legleiter et al, 2010; Zhang et al, 2011). Various reports support the idea that soluble
oligomers are a major culprit of cytotoxicity (Takahashi et al., 2008; Lajoie et al., 2010;
Leitman et al,, 2013), and include an experiment where a mutation in the N17 N-terminal
region preceding the disease-associated CAG expansion prevented the formation of large
aggregates but not oligomers, leading to an increase in toxicity in a drosophila HD model
(Branco-Santos et al., 2017). However, the formation of insoluble intranuclear inclusions
has also been found to play a role in cellular dysfunction (Bauerlein et al., 2017; Ramdzan

etal.,, 2017; Hosp et al., 2017).

Neuropathological analysis of post-mortem brains from HD patients reveals profound
degeneration of neurons in the striatum (Vonsattel et al., 1985) and various regions of the
cortex with a variable pattern of pathology that reflects the variability of symptomatology
found in HD patients (Waldvogel et al., 2015). There is also evidence for loss of neurons in
other regions of the brain, including the globus pallidus, hypothalamus, and hippocampus
(Singh-Bains et al., 2016; Petersen et al., 2005; Spargo et al. 1993), suggesting the potential
involvement of propagation of protein pathology between different brain regions as the
disease progresses (Park, 2017). In fact, the propagation of mHTT has been detected in
three different neural network models: human neurons integrated into HD mouse model

2



organotypic slices, an ex vivo corticostriatal slice model, and the corticostriatal pathway in
vivo (Pecho-Vrieseling et al, 2014). In another study, exosomes isolated from the
conditioned media of HD patient-derived fibroblasts were shown to transmit protein
aggregates to healthy host tissue, resulting in motor and cognitive impairments in wild-
type mice (Jeon et al., 2016). Finally, a recent study using a parabiosis approach to join the
circulatory systems of zQ175 mice with their wild-type littermates revealed that blood
serves as a vehicle for the propagation of mHTT, and that healthy blood can rescue some of
the pathology seen in HD mice such as blood brain barrier (BBB) leakage and of mHTT
aggregate levels (Rieux et al.,, 2020). The continuation of these exciting investigations will
allow us to better understand the mechanisms underlying mHTT propagation and to

identify new therapies for disease intervention.

Huntington'’s disease models and potential therapies

Transgenic mouse models were generated after the discovery of the mutation that causes
HD to enable the investigation of molecular pathology and the pre-clinical testing of
potential therapies to delay disease onset or slow its progression (Menalled et al., 2002).
The R6/2 line, transgenic for the 5 end of the human HTT gene carrying 115-150 CAG
repeat expansions (Mangiarini et al., 1996), is perhaps the most extensively characterized
and used in HD research. These mice exhibit many of the features of HD symptomatology,
including impaired movements, involuntary stereotypic movements, tremor, epileptic
seizures, and non-movement disorder components (Mangiarini et al., 1996). While these
mice exhibit minimal neuronal death, postmortem examination suggests that mHTT
accumulates in the nucleus and forms inclusions, reminiscent of those found in the brains
of human patients (DiFiglia et al., 1997), as early as 7 weeks of age (Davies et al., 1997).
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They also display enlargement of ventricles and brain volume loss. Disease progression in
this mouse model is aggressive and rapid, resulting in premature death somewhere
between 13-16 weeks of age (Li et al., 2005). Based on this rapid progression and close
recapitulation of the later stage human disease, in particular juvenile repeat onset disease,
these mice have been used in many studies as a first step to investigate potential
treatments (Gil et al., 2008). Despite efforts, there has not yet been a therapy that has
successfully translated from animal models to humans, likely due to the difficulty in
extrapolating data from animal studies to therapeutic effects in humans and from the fact
that to date, there have not been any disease modifying therapies that could inform the

most relevant endpoints.

The advent of induced pluripotent stem cell (iPSC) technology (Takahashi et al., 2006) has
the potential to provide an understanding of disease pathogenesis in humans at the cellular
level. Indeed, iPSC technology has been adopted by the HD field, and has provided
invaluable information regarding disease signatures in the affected cell types (e.g. An et al,,
2012; Jeon et al.,, 2012; HD iPSC Consortium 2012 and 2017; Szlachcic et al., 2015; Mattis et
al,, 2015; Lim et al, 2017). These cells can also be used to assess the therapeutic potential of

HD modifiers (Perrier et al., 2012; Engle et al., 2013).

Preventing or reversing the disease is the most pressing unmet need in HD. Many
promising clinical trials are underway (Caron et al, 2018), including the IONIS-HTTrx
clinical trial for lowering mHTT levels through the degradation of the HTT RNA transcript
using antisense oligonucleotides (ASOs) (Tabrizi et al., 2019). Because the ASOs do not

cross the BBB, they are delivered via intrathecal infusion and will likely require patients to



receive life-long administration. Studies in non-human primates have shown that the ASOs
are distributed unevenly throughout the brain, with higher HTT suppression in superficial
regions of the cortex and spinal cord compared to deeper cerebral structures such as the
striatum. Data from the Phase 1/2a clinical trial led by lonis Pharmaceuticals demonstrated
that the ASO is well tolerated at all doses tested and reduces mHTT levels in the
cerebrospinal fluid (CSF) in a dose-dependent manner with mean reductions of ~40% in
the CSF of participants treated for 3 months with the two highest doses (Tabrizi et al,,
2019). Because this is a non-selective allele targeting approach, both mHTT and wild type
HTT levels are reduced, raising potential concerns regarding the functional impact this may
have on patients as HTT is a highly conserved and ubiquitous protein with essential roles in
multiple cellular processes (Saudou et al., 2016). Other clinical trials are exploring allele-

selective approaches to overcome this issue (Tabrizi et al.,, 2019).

The translation of any therapeutic strategy to the clinic will likely depend on the
development of a battery of well characterized biomarkers to test their efficacy. Outcome
measures used to assess effect of treatment were once solely based on clinician-derived
scores such as the Unified Huntington’s Disease Rating Scale (UHDRS) (Huntington Study
Group, 1996) or a new composite score that incorporates cognition (Schobel et al., 2017),
however studies are underway to identify and implement objective biological biomarkers,
such as the detection of mHTT protein levels to assess knockdown in the IONIS-HTTrx
clinical trial. Studies to identify potential biomarkers are underway, and include clinical,
imaging, electrophysiological, biochemical, and pharmacodynamic measures (Bates et al,,
2015). Potential biochemical markers hold great promise, and include the measurement of
neurofilament and clusterin in blood plasma and/or CSF (Byrne et al, 2017;
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Constantinescu et al, 2009; Dalrymple et al, 2007). A better understanding of CSF
dynamics and CSF components will be imperative for therapeutic development.

CSF is in direct contact with the extracellular space and reflects many biological changes
occurring in the brain. The stability of extracellular vesicles (EVs) in CSF, including
exosomes, allows for their efficient isolation and makes them a good starting point for
studies on disease evaluation and biomarker development. Recently, exosomal miRNAs
found in CSF and blood have been studied for their potential use as biomarkers for
neurodegenerative diseases including Alzheimer’s and Parkinson’s disease (Lugli et al,,
2015; Gui et al., 2015; Cao et al, 2017). Although exosomal miRNAs have not been
described to date for HD, Hoss et al. (Hoss et al., 2015) identified miRNA changes in blood
plasma that recapitulate some of the miRNA changes observed in the brains of HD patients.
The potential use of exosomal miRNA as biomarkers for HD holds great promise, and the
benefit from such studies can extend beyond biomarker development by allowing us to
understand how transcriptional dysregulation in HD may be mediated via RNA silencing by

cell extrinsic mechanisms.

B. The choroid plexus, cerebrospinal fluid, and exosome secretion

The choroid plexus and cerebrospinal fluid

Although HD is characterized by pathology that most prominently impacts neurons of the
striatum, human autopsy studies have shown that other brain areas may be affected as
disease progresses, and cell-to-cell propagation of some pathologies (Vonsattel and DiFiglia
1998; Bayram-Weston et al,, 2012) may be occurring via exosomes (Zhang et al., 2016; Jeon

et al,, 2016), possibly secreted from tissues such as the ChP. The ChP is a highly specialized



secretory tissue found in the ventricles of the brain. It is composed of an external
monolayer of choroid plexus epithelial cells (CPECs) joined by tight junctions, which
surround fenestrated capillaries, connective tissue, and specialized leptomeningeal cells
(Thouvenot et al., 2006). Following Harvey Cushing’s discovery that the ChP secretes CSF
(Cushing et al, 1914), early electron microscopy studies began to expand our
understanding of CPECs, highly specialized ependymal cells with morphological similarities
to that of many epithelial tissues (Maxwell et al., 1956). We now know that, in humans, the
ChP secretes about 400-600 mL CSF per day, and CPECs replenish the CSF by maintaining
the necessary ionic gradient to drive secretion of water from the blood in ChP capillaries to
CSF in the ventricles (Emerich et al., 2005). The CSF serves as a fluid cushion for the brain,
regulating neural stem cells, critical periods during development, and overall health of the
nervous system via the secretion of various factors, including transport proteins and
neurotrophic factors (Lun et al,, 2015). CSF flows from the lateral ventricles to the third
ventricle, then to the fourth ventricle and into the central canal of the spinal cord or the
subarachnoid space, where it is resorbed. Pathology of the ChP has been linked to aging
and various central nervous system diseases, including ALS: upregulation of lysyl oxidase
in mouse models and patients (Li et al., 2004; Uchino et al., 2004), AD: atrophy, decreased
CSF production, diminished polypeptide synthesis and metabolic activity (Serot et al,
2000; Wen et al.,, 1999) and HD: enhanced immunostaining of 3-nitrotyrosine in a mouse
model (Deckel et al.,, 2001). However, factors secreted by the ChP, possibly via exosomes,
may also protect striatal neurons from excitotoxic damage as suggested by the reduction of
cell loss and behavioral deficits in a quinolinic acid toxin HD rat model by transplantation

of ChP from neonatal pigs (Borlongan et al, 2008).



Extracellular vesicles and exosomes

EVs are membrane bound vesicles that serve as an important mode of cell-to-cell
communication, and are generally classified into three categories: exosomes (30-200 nm),
microvesicles (MVs) (200-1,000 nm), and apoptotic bodies (0.5-3 um) (Colombo et al,,
2014). Although there is a degree of overlap in vesicle size and contents between exosomes
and MVs, with apoptotic bodies being larger cell fragments containing various cellular
components (Elmore et al, 2007), specific EV subtypes originate from different
mechanisms of biogenesis. While MVs and apoptotic bodies are directly released from the
plasma membrane from living and dying cells, respectively, exosomes are released after
multivesicular bodies (MVBs) fuse with the plasma membrane (Hessvik et al., 2017). The
term exosome was first coined in 1981 (Trams et al.,, 1981), and referred to 40-1,000 nm
vesicles secreted by a variety of cultured cells. Three years later, the term was used to
define cup-shaped, 40-100 nm vesicles of MVB origin secreted during reticulocyte
differentiation (Harding et al., 1984; Pan et al., 1983). However, the field of extracellular
vesicles has not reached a consensus as to the universally accepted definition for exosomes
(Gould et al., 2013). For this reason, a set of minimal experimental requirements have been
established by the International Society for Extracellular Vesicles (ISEV) in order to start to
facilitate the establishment of universally accepted definitions for extracellular vesicles and
their functions (Lotval et al., 2014). First, EVs must be isolated from extracellular fluids
with minimal prior mechanical disruption. Although there is no “gold-standard” method for
isolation, the optimal isolation method depends on the scientific questions asked and the
downstream applications being used. However, the method(s) used should be described in

detail to allow for interpretation and replication by other investigators. Further, although



certain proteins have been shown to be specifically expressed in exosomes, these should
not be mistaken as “exosome-specific” proteins, as they are also expressed in other EV
subtypes. Thus, it is suggested that publications report both the presence of markers that
are expected to be expressed, as well as those that are unique and not previously shown to
be enriched in the EV subtype being investigated. For example, proteins such as the
tetraspanin CD81, and endosomal proteins TSG101 and Alix are expected to be enriched in
exosomes, while the mitochondrial marker Cytochrome C is not. In addition, including the
exosome free fraction in quantitation studies, such as western blots, is helpful in order to
control for antibody specificity and background functional activity of the extracellular fluid
being used. Lastly, it is suggested that the EV fraction be characterized by at least two
methods, such as electron microscopy and Nanoparticle Tracking Analysis, in order to

identify the heterogeneity of the EV preparation.

Despite the lack of agreement, it is generally accepted that exosomes are released by
several cell types, including cells of hematopoietic origin, cytotoxic T cells, mast cells,
platelets, intestinal epithelial cells, and neural cells (Simons and Raposo, 2009; Thery et al,,
2009). Exosomes have now been isolated from various body fluids, including blood (Caby
et al., 2005), urine (Pisitkun et al., 2004), saliva (Ogawa et al., 2011), and CSF (Vella et al,,
2007). Furthermore, exosomes from body fluids contain miRNA and mRNA (Hunter et al,,
2008; Rabinowitz et al, 2009). Interestingly, comparisons between a cell type’s RNA
content and its exosomal RNA content demonstrate that specific groups of RNAs are
selectively enriched in exosomes (Ratajczak et al, 2006; Nolte-t Hoen et al, 2012),

suggesting that RNA loading of exosomes is regulated by specific mechanisms.



Exosome secretion by the choroid plexus and choroid plexus epithelial cells

A study by Tietje et al., 2016 found that human CSF EVs contain miRNAs bound to the RNA
binding protein (RBP) heterogenous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1),
which has previously been identified as a key player in the active sorting of miRNAs into
exosomes (Villarroya-Beltri et al., 2013). Tietje et al. report that these EVs show an age
dependent decline, with individuals <2 years having higher levels by 81% compared to
individuals >70 years. Furthermore, they show human CPECs secrete EVs at an average of
559.1 (x10°) EVs per mL, and produce hnRNPA2B1-miRNA containing EVs in vitro (Tietje
et al.,, 2014). Because CPECs have a highly secretory function and are the main producers of
CSF (Brown et al,, 2004; Redzic et al,, 2005; Emrich et al.,, 2005), and CSF contains EVs
(Vella et al, 2007; Harrington et al., 2009; Street et al., 2012) CPECs likely play an
important role in cell-to-cell communication mediated by the CSF. Altogether, these
findings suggest that CPECs can serve as a promising platform for the investigation of EV

miRNA secretion into the CSF in both health and disease conditions.

Additional findings suggest that CPEC EV secretion into the CSF plays an important role in
intercellular communication between different brain regions. Firstly, the ChP has been
shown to transfer folate via CSF EVs to brain parenchyma (Grapp et al., 2013). The folic
acid derivative SMTHF is distributed to all major organs via the bloodstream, and a
decrease in its concentration in the CSF has been associated with functional loss of the
folate receptor FRa, which results in childhood neurodegenerative disease caused by
mutations in the FOLR1 gene (Steinfeld et al., 2009; Grapp et al., 2012). The authors show
that SMTHF transport into the CSF is mediated by FRa binding. Intriguingly, they show that
FRa is transported from the basolateral to the apical membrane of rat CPECs via
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intraluminal vesicles within MVBs, and are secreted with exosomes into the CSF, which
enter the brain parenchyma and target both neurons and glia. Although these studies were

done using murine models, FRa was also found to be expressed in human CSF exosomes.

Lastly, a recent study suggests that exosome mediated miRNA secretion by the ChP has a
functional impact on nearby tissues. In this study, secretion of miR-204 by the ChP was
found to regulate adult neurogenesis at the subependymal zone by repressing the
translation of neural fate determinants, preventing the activation and subsequent
differentiation of quiescent neural stem cells (Lepko et al., 2019). The following section will
expand on miRNAs and provide evidence for the potential influence of miRNA

dysregulation on aberrant transcriptional signatures observed in HD.

C. micro RNAs

Based on findings such as the ones mentioned above, it is becoming more evident that EV
miRNAs play an important role in intercellular communication and are candidates for
biomarker development in disease. miRNAs, small interfering (siRNAs), and PIWI-
interacting RNAs (piRNAs) are the three major small silencing RNAs in animals (Ghildiyal
et al., 2009). miRNAs are small RNA molecules (~22 nucleotides) that regulate post-
transcriptional gene expression by acting as guide molecules to promote the degradation
or translational repression of their target mRNAs. miRNAs are generated from short RNA
hairpins transcribed by RNA polymerase II (Lee et al, 2004), although alternative
mechanisms exist (Yang et al, 2011), and their biogenesis is regulated at the following
levels: miRNA transcription, processing by RNase III proteins - Drosha in the nucleus and
Dicer in the cytoplasm, modification by RNA editing, RNA modification (methylation,
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uridylation, and adenylation), Argonaute (AGO) loading, and RNA decay (Ha et al., 2014).
The average copy number of an individual miRNA is believed to be ~500 per cell (Pritchard
et al., 2012), and the human genome encodes ~1000 miRNAs, compared to ~30000
mRNAs. Thus, it is predicted that one miRNA may be responsible for the regulation of

hundreds of mRNAs, which is likely to have significant effects on gene expression networks.

miRNAs are one of the largest gene families and have been identified in animals, plants,
protists, and viruses (Griffiths-Jones, 2008). The miRNA database (miRBase) has been
created to facilitate the investigation of miRNAs, and serves as the central online repository
for miRNA nomenclature, sequence data, annotation, and target prediction. The latest
release has catalogued 2,588 mature miRNAs in humans; however, the functional
importance of most of these miRNAs is yet to be determined. The nomenclature of miRNAs
is somewhat inconsistent as a result of when they were discovered. The first miRNA genes
to be discovered in early genetic studies were named after their phenotypes; for example,
the first miRNA to be discovered was named lin-4 because its mutation in C. elegans leads
to abnormal reiterations in cell lineages (Chalfie et al., 1981; Lee et al., 1993). However,
most miRNAs discovered through cloning or sequencing have been given numerical names;
for example, the mammalian lin-4 homologue is called mir-125. miRNA “sisters” encoded by
paralog genes are identified by letter suffixes, such as mir-125a and mir-125-b. Numeric
suffixes are added to the end of the miRNA loci name if the same miRNA originates from
multiple separate loci, such as mir-125b-1 and mir-125b-2. Lastly, each locus produces one
miRNA from the 5’ strand and one from the 3’ strand of the precursor, leading to mir-125a-

5p and mir-125a-3p, for example. From this miRNA duplex, one becomes the ‘guide’ strand
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and is usually more prevalent and biologically active than the other ‘passenger’ strand, also

known as miRNA* (Meijer et al., 2014).

miRNA binding sites are highly conserved in protein-coding genes, and are commonly
located in the 3’ untranslated region (UTR) of mRNAs (Bartel et al., 2009; Friedman et al,,
2009). The 5’ end of miRNAs (nt 2-7) has been named the ‘miRNA seed’; miRNAs sharing
the same seed, which are thought to originate from gene duplication (Hertel et al., 2006;
Berezikov et al., 2011), belong to the same ‘miRNA family’. The miRNA seed is crucial for
target recognition, as it is pre-arranged in an A-form helix conformation that facilitates the
survey of target mRNAs for sequence complementarity (Wang et al., 2008; Frank et al,,
2010). While the 3’ end of miRNAs is less important for target recognition, it has been
suggested to be a determinant of AGO protein binding specificity (Moore et al., 2015) and
be subject to modification events (Burroughs et al, 2010). miRNAs associate with AGO
proteins, which function as effectors and facilitate the recruitment of factors necessary for

translational repression, mRNA deadenylation, and mRNA decay (Huntzinger et al.,, 2011).

miRNAs and transcriptional dysregulation in Huntington'’s disease

The first study to demonstrate dysregulation of miRNAs in HD proposed that increased
levels and activity of nuclear Repressor Element 1 Silencing Transcription Factor (REST) in
HD leads to increased repression of miRNAs (Johnson et al., 2008). Increased REST levels is
associated with the polyglutamine repeat expansion in mHTT, which inhibits HTT’s ability
to sequester REST in the cytoplasm of neurons (Zuccato et al., 2003). Since then, the field
has begun to investigate the potential role of miRNAs on altered mRNA expression

consistently observed in HD. Both human and animal studies have shown that there are

13



significant differences in mRNA expression between HD and control brain samples
(Crocker et al., 2006, Luthi-Carter et al., 2002; Sipione et al., 2002; Seredenina et al., 2012;
Valor et al., 2015; Labadorf et al., 2015; Agus et al., 2019), with one microarray study using
striatal tissue from HD and unaffected individuals reporting that ~100 mRNAs were
significantly upregulated, and slightly fewer significantly downregulated in HD (Hodges et
al., 2006). Genome-wide analysis of mRNA expression in human prefrontal cortex, which is
largely preserved in HD, suggests that most differentially expressed genes are
predominantly upregulated (Labadorf et al., 2015). Although a handful of studies have
sought to investigate miRNA dysregulation in HD, results vary from study to study, and the
field has not reached a consensus as to whether a specific group of miRNAs can be

reproducibly identified as biomarkers for HD.

Work by Johnson and colleagues (Johnson et al., 2008) showed that miRNAs mir-29a, mir-
124a, mir-132, and mir-135b were significantly downregulated in an HD mouse model.
They also examined human HD cortex, and found that miRNAs mir-29a and mir-330 were
significantly upregulated, while mir-132 was significantly downregulated. In 2010, Marti et
al (Marti et al., 2010) used Illumina’s massive parallel sequencing to analyze miRNA
populations in the frontal cortex and striatum of HD and control individuals, and through
the analysis of upstream regulators, suggested that REST and p53 might have a role in
miRNA downregulation observed in HD. In 2011, Soon-Tae Lee et al. used a miRNA
microarray approach to show that miRNAs mir-22, mir-29C, mir-128, mir-132, mir-138, mir-
218, mir-222, mir-344, and mir-674* are downregulated in the striata of two different HD
mouse models (Lee et al, 2011). In 2014, Hoss et al. (Hoss et al, 2014) used next-
generation miRNA sequencing in human prefrontal cortex and identified miRNAs mir-10b-
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5p, mir-196a-5p, mir-196b-5p, mir-615-3p, and mir-1247-5p as being upregulated in HD. A
year later, they showed that miRNA changes observed in brains of HD patients may be
detectable in plasma, and identified mir-10b-5p and mir-486-5p as being increased in

human HD brain and blood plasma (Hoss et al., 2015).

The variability between these studies could be explained by the following factors: the
model used (animal/cell model or human); the type of tissue or biofluid studied; the brain
area studied, and timeline in regards to disease progression; and the sensitivity of the
method used to detect miRNA. One potential confound is that studies in striatal tissue is
complicated by the significant degeneration and tissue loss in disease. In conclusion,
understanding cell-intrinsic miRNA dysregulation in HD will shed light on potential
mechanisms leading to the aberrant gene expression phenotypes observed, and will allow
us to gain insights into the molecular pathology of HD. Specific cell-extrinsic mechanisms of
miRNA dysregulation have not been addressed, however. For example, although the role of
exosomal transfer of miRNA via biofluids has been long studied in cancer as potential
biomarkers and therapeutic targets (Thind et al,, 2016), and is starting to be investigated in
other neurodegenerative diseases (Gui et al., 2015; Lugli et al.,, 2015), it remains to be
investigated in the context of HD. Understanding the effect of exosomal miRNAs on
recipient cells’ gene expression signatures will unravel a new level of complexity to our

understanding of the regulatory mechanisms of transcription.

D. Heterogenous nuclear ribonucleoprotein A2 /B1
As previously mentioned, RNA loading of exosomes is regulated by specific mechanisms
that are largely orchestrated by RBPs such as hnRNPA2B1. In an influential study, it was
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found that miRNAs containing a GGAG motif are bound by SUMOylated heterogenous
nuclear ribonucleoprotein A2/B1 (hnRNPA2B1), which tags them for trafficking into
multivesicular bodies (MVBs) and secretion via exosomes (Villarroya-Beltri et al., 2013).
hnRNPA2B1 is a member of the hnRNP family of RNA binding proteins, which shuttle
between the cytoplasm and nucleus, and is involved in a variety of post-transcriptional
RNA processing events by associating with transcripts, pre-mRNA, and mRNA (Dreyfuss et
al, 2002; Matunis et al.,, 1994). hnRNPs A/B and C were first identified when the 40S core
mRNA-protein complex was isolated by sucrose density gradients (Beyer et al, 1977).
Subsequently, immunopurification of hnRNP complexes demonstrated that heterogenous
nuclear RNA (hnRNA) associates with a subset of abundant proteins in the nucleus, termed
hnRNPs and designated Al through U (Pinol-Roma et al.,, 1988; Dreyfuss et al., 1988).
These findings suggested that hnRNPs share a common function. Indeed, hnRNPs control
the maturation of newly formed pre-mRNAs into mRNAs, stabilize mRNA during cellular

transport, and control their translation (Dreyfuss et al., 1993).

Four unique RNA binding domains (RBDs) have been identified in hnRNPs, and include the
RNA recognition motif (RRM), the quasi-RRM, a glycine-rich domain (GRD), an RGG box,
and a K homology domain. However, the RRM is the most common RBD (Geuen et al,,
2016), which is characterized by interconnected [-sheets that contribute to its RNA-
binding specificity (Gorlach et al., 1992). Importantly, the specificity in RNA binding is
heavily dependent on the 3D structure of the protein, and the structural regions
surrounding the RBDs seem to be responsible for fine tuning RNA-protein interactions
(Geuens et al.,, 2016). The sequence of the hnRNPA2B1 protein is highly homologous to that
of hnRNPA1, which contains two RRMs at the N-terminus, and a GRD at the C-terminus that
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is responsible for interactions with other hnRNPs (Burd et al., 1989; Buvoli et al., 1988;
Cartegni et al., 1996). The hnRNPA2B1 gene was split into 12 exons and gives rise to two
main isoforms, A2 and B1, with the first being a result of alternative splicing and
comprising 2-5% of total hnRNPA2B1 transcripts (Kozu et al., 1995). However, later
studies found that the relative amounts of hnRNP A2 and B1 differ among different tissues;
in neurons, both A2 and B1 isoforms are abundant compared to glial cells, but their ratio
varies based on neuron type (Kamma et al, 1999). Moreover, these can have different
nuclear localization patterns depending on RNA integrity and active transcription during
the cell cycle (Friend et al., 2008). The B1 isoform contains the insertion of 12 amino acids
(exon 2) near the N-terminus (Burd et al., 1989). Notably, this insertion is outside of the
RRMs and in vitro binding experiments have shown that RNA binding characteristics are
indistinguishable between A2 and B1 (Swanson et al., 1988). Two minor splice forms have
now been identified in rat neural cells, A2b and B1b, and A2b seems to be predominantly
responsible for cytoplasmic RNA trafficking while A2 and B1 mainly carry nuclear roles
(Han et al.,, 2010). Although early studies suggested that the arginine/glycine rich RGG
motif located at the C-terminus was important for nucleocytoplasmic shuttling of
hnRNPA2b1 and provided additional RNA binding properties (Nichols et al., 2000), later
studies established that although arginine methylation of the RGG box does influence
arginine-RNA association, it is not involved in the nucleocytoplasmic distribution of
hnRNPA2B1 (Friend et al,, 2013). Instead, the M9 nuclear localization signal (NLS) located
within the GRD seems to be responsible for nucleocytoplasmic shuttling of hnRNPA2B1

(Pollard et al., 1996).
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Most of the studies involving hnRNPs have been carried out by the cancer research field,
and suggest that the expression level of many hnRNPs are altered in various types of cancer
(Han et al,, 2013). However, hnRNPs have also been linked to neurodegenerative diseases,
including Amyotrophic Lateral Sclerosis (ALS), Spinal Muscular Atrophy (SMA),
Alzheimer’s disease (AD), and Fronto-Temporal Lobe Dementia (FTLD) (Geuens et al.,
2016). Mutations in the prion-like domains (PLDs) within the GRDs of hnRNPA1 and
hnRNPA2B1, which under normal conditions have an intrinsic tendency to self-aggregate,
are the cause of rare cases of multisystem proteinopathy and ALS/FTLD, and result in the
exacerbation of the protein’s aggregation propensity (Kim et al., 2013; Le Ber et al., 2014;
Paul et al., 2017). Furthermore, iPSC-motor neurons derived from these patients exhibited
hnRNPA2B1 and hnRNPA1 positive RNA granules, suggesting hnRNP sequestration as a
possible disease mechanism (Mohagheghi et al., 2016), and aberrant splicing (Martinez et
al, 2016). In AD, hnRNPA2 and B1 undergo different responses to pathology. Using
immunolabeling of hnRNPA2B1 isoform antibodies it was found that while there is an
overall decrease of hnRNPA2B1 immunoreactivity in the hippocampus, the A2 isoform is
found at increased levels in neurons from hippocampal areas that resist AD pathology
(Mizukami et al., 2005). Furthermore, hnRNPA2B1 depletion has been shown to result in
the impairment of cortical splicing and cognitive function in mouse models of AD (Berson

etal, 2012).

Together, these findings suggest that RBPs and hnRNPs in particular are likely implicated
and dysregulated in various neurodegenerative disease pathways. An actively evolving
area of neurodegeneration research involving these RBPs is that of RNA granule dynamics
in response to cellular stress. Environmental stressors that result in cellular responses
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similar to those detected in neurodegeneration have been shown to modify the miRNA
composition of EVs (Beninson et al.,, 2014), suggesting that disease-mediated cellular stress
can modify the composition of CSF EVs. The last section of this introduction will expand on

RNA granule dynamics and evidence for its dysregulation in neurodegenerative disease.

E. Stress granules and neurodegeneration

RNA granules

RBPs in the cytoplasm regulate transcript activity by forming RNA granules that contain
various RBPs, translational machinery, and mRNA transcripts, and this process is mediated
via protein-protein interactions. Three main types of RNA granules have been identified:
stress granules (SGs), processing bodies (P bodies), and transport RNA granules - all
visible by light microscopy. Although SGs are protective in response to acute stress,
sustained SG formation in response to chronic stress can interfere with cellular
homeostasis by silencing transcripts and sequestering RNPs (Ramaswami et al.,, 2013).
Recent studies suggest that some neurodegenerative diseases are caused, or exacerbated
by, toxic accumulation of ribonucleoprotein (RNP) aggregates. This is in part due to the
prion-like domains found in RNA binding proteins, which poises them for pathogenicity
and the formation of self-propagating beta-amyloids, leading to a disruption of post-
transcriptional control. For example, some ALS cases feature aggregates that contain the
hnRNPs FUS, EWS and TAF15. Furthermore, point mutations in genes encoding TDP-43,
FUS, hnRNPA1, and hnRNPA2B1 cause a dominantly inherited form of ALS or multisystem

proteinopathy (Hutten et al., 2016). Thus, it is believed that the involvement of hnRNP
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aggregation in some neurodegenerative diseases may originate from an alteration in the

assembly or clearance of cytoplasmic SGs.

A defining feature for mammalian SGs is the presence of stalled 48S pre-initiation
complexes that form in response to a variety of stresses that inhibit translation initiation
(Anderson and Kedersha, 2002). SGs form in response to stressors such as hypoxia, heat-
shock, and sodium arsenite, which all inhibit translation initiation (Arimoto et al., 2008).
Their elimination, in turn, depends on ATP-driven disaggregases, such as Hsp40 and
Hsp70, and granulophagy through the ATP-dependent VCP-autophagy pathway (Kedersha
et al.,, 2005; Buchan et al., 2013). Interestingly, and of importance to HD, proteomic analysis
of SGs revealed that the chaperonin-containing T complex (CCT complex), which inhibits
mHTT aggregation (Shahmorahdian et al., 2013), localizes to the cores of SGs and inhibits
stress granule assembly (Jain et al., 2016). The physical mechanism underlying SG
formation is thought to be phase separation within the cytoplasm, resulting from liquid-
liquid demixing that creates droplet-like structures (Molliex et al., 2015). This process
occurs when low-affinity interactions, like those involving PLDs in hnRNPs (Weber et al,,
2012), bring molecules together to form distinct, non-membrane bound complexes in the
cytoplasm that remain dynamic enough to actively interact with the cytosol. This process of
liquid-liquid phase separation is widely accepted by the field, however super-resolution
microscopy and biochemical purification studies now suggest that mature SGs are
composed of stable cores surrounded by a phase separated shell of SG mRNPs held
together by weak interactions (Jain et al., 2016). This suggests that other mechanisms act in

addition to liquid-liquid phase separation to allow for the formation of mature SGs.
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A popular hypothesis for the advantage of SGs is that localized protein enrichment within
the cytoplasm could regulate the rate of biochemical reactions by accelerating some in
areas of high protein concentration, and slowing others due to sequestration of necessary
components (Weber et al, 2012). Along these lines, it is hypothesized that SG formation
contributes to cellular stress adaptation by orchestrating the selective translation of
mRNAs. For example, a transcript partitioning study under sodium arsenite induced stress
identified that G3BP1-associated transcripts correlate with reduced expression of encoded
mitochondrial proteins, while polysome enriched transcripts encode various survival
factors involved in multiple aspects of cell cycle regulation and wound healing
(Somasekharan et al.,, 2020). In addition, the exchange of components between SGs and
polysomes or P bodies is thought to prioritize translation or degradation of some

transcripts over others, regulating the proteome during stress (Fan and Leung, 2016).

Five elF2a kinases modulate translation in metazoans, and stress induced phosphorylation
of elF2a inhibits global protein translation via the depletion of the elf2-GTP-tRNA-met
ternary complex, which promotes polysome disassembly and mRNA recruitment to SGs
(McDonald et al.,, 2011; Kedersha et al,, 1999). During SG formation, interactions between
nucleating RBPs, including T-cell intracellular antigen (TIA-1) and Ras-GTPase activating
protein SH3-domain-binding protein (G3BP), grow to include other RBPs such as
hnRNPA2B1 and hnRNPA1 (Kim et al., 2013), translation initiation proteins, and other
regulatory proteins (Kedersha et al, 1999; Tourriere et al, 2003). However, SG
composition may vary according to the nature of the stress stimulus (Thomas et al., 2011).

In conclusion, SGs sequester hnRNP-bound mRNAs upon stalled translation and function as
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a place for the dynamic sorting of these mRNAs for their return back into translation,

storage, or degradation (Wolozin et al., 2012).

SGs have been shown to interact with P bodies (Buchan et al., 2009), and transcripts are
transferred from SGs to P bodies to facilitate degradation (Kedersha et al., 2005). P bodies
are discrete cytoplasmic foci that integrate miRNA machinery (Liu et al., 2005; Sen et al,,
2005) and contain many enzymes involved in mRNA turnover, repressed RNAs, and
regulatory RNAs. They are thought to be sites of translational suppression and/or mRNA
decay; thus, they are present in unstressed cells, but also increase in response to cellular
stresses that lead to the inhibition of translation initiation (Decker et al., 2012).
Additionally, some mRNAs can exit P bodies and reinitiate translation. P body components
include translationally inactive mRNA and 5’-3’ decapping factors Dcpl/2 (decapping
enzyme), Lsm1-7 complex (decapping activators), Xrnl (5’-3’ exonuclease), and nonsense
mediated decay machinery (Adeli, 2011; Eulalio et al., 2007). Interestingly, proteins that
function in the 3’-5" mRNA decay pathway, such as the exosome, are not detected in P
bodies (Sheth et al,, 2003). Of significance to HD, Savas et al. (Savas et al., 2008) discovered
that HTT co-purifies with Ago2 and colocalizes with P bodies, and that mHTT expression
results in the decrease of P bodies. This suggests that HTT may play a role in RNA-mediated
gene silencing and that polyQ expansion interferes with P body formation and or
maintenance. Lastly, transport RNA granules play an important role in neurons, where
localized activity-dependent mRNA translation is necessary (Martin et al., 2009; Sutton et
al., 2006). In mice, HTT has been shown to associate with Ago2, and other components of
RNA granules, to transport mRNA to dendrites (Savas et al., 2010). Notably, knockdown of
HTT resulted in depletion of granular mRNA and Ago2 staining at dendrites, but

22



knockdown of Ago2 only affected mRNA staining, suggesting that HTT may function
through Ago2 to modulate mRNA localization at dendrites. Because this thesis discusses a

role for SGs in HD pathology, the remainder of this section will focus on SGs.

Stress granules in neurodegeneration

Cytoplasmic inclusions with morphologically similar characteristics to SGs are found in the
brains of patients suffering from neurodegenerative disease, such as ALS and FTLD
(Vanderweyde et al., 2012; Liu-Yesucevitz et al., 2010; Zhang et al., 2018). For this reason,
and the fact that these structures are also composed of SG markers, SGs have recently been
implicated in the pathophysiology of some neurodegenerative diseases. While proteins
such as G3BP1 and TIA-1 are widely used as SG markers (Kedersha and Anderson, 2007),
the composition of SGs is diverse and depends on the type of cellular stress that results in
their induction, suggesting that different stress pathways are at play. Because aberrant SG
dynamics have been linked to neurodegenerative diseases (Wolozin et al., 2019), it will be
important to understand the mechanisms underlying different SG subtypes to understand
whether specific aspects of these are playing a pivotal role in disease progression. Using
ascorbate peroxidase (APEX) proximity labeling (Rhee et al., 2013) with quantitative mass
spectrometry and immunofluorescence, Markmiller et al. discovered that approximately
20% of G3BP1-positive SG component diversity is dependent on cell type and the stress
stimulus that is used to induce SG formation (Markmiller et al., 2018). The SGs found in
neuronal cells were significantly enriched in chaperones and autophagy factors, supporting
our hypothesis that a chaperonin protein such as CCT and autophagy dysfunction may play
an important role in HD SG dynamics. As for disassembly, spatio-temporal proteomic
analysis using APEX revealed that SUMOylation plays a role via the recruitment of SUMO
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ligases during disassembly, a process that is dysregulated under ALS-like conditions by
C90RF72-associated dipeptides (Marmor-Kollet et al., 2020). Based on these findings, and
our knowledge that SUMOylation is dysregulated in HD (Steffan et al., 2004; O’Rourke et al,,

2013), SUMO-mediated SG disassembly may also be altered in the brains of HD patients.

Evidence for stress granules in Huntington’s disease

Because the process of SG formation is dependent on physiological protein aggregation,
and mutations in the PLDs of SG components result in hyperstable SGs, it is tempting to
speculate that they may be involved in nonspecific binding to other protein aggregates,
such as mHTT aggregates in HD. A handful of studies have investigated the presence of
various SG components in HD (Table 1), however only one study has specifically
interrogated the co-localization of mHTT in cytoplasmic puncta that are positive for a SG
nucleating factor. The work carried out by Ratovitski et al. suggests that mHTT results in
altered SG dynamics in an immortalized striatal cell model of HD, by showing that mHTT
interacts with SG-associated proteins Caprin-1 and G3BP, and co-localizes to SGs upon

induction of ER stress (Ratovitski et al, 2012).

Other studies showed colocalization of HTT and mHTT with TIA-1 upon induction of ER
stress in an immortalized striatal cell model of HD (Culver et al., 2012), of HTT inclusions
with TIA-1 in the R6/2 hippocampus where it represses its function as a translational
silencer (Furukawa et al., 2009), and of perinuclear HTT inclusions with TIA-1 in an 83 CAG
repeat HD cell model (Waelter et al., 2001). Other proteins that localize to SGs but are not
considered SG effectors have also been associated with HD. For example, TDP-43, a

member of the hnRNP family of proteins (Ayala et al., 2008), colocalized with intracellular

24



inclusions in the cortex of HD patients (Schwab et al., 2008). The RBP FUS, also a member
of the hnRNP family (Geuens et al., 2016), localizes to intranuclear inclusions in the R6/2
brain and human cortex of HD patients (Doi et al., 2008), however these are not considered
SGs based on their cellular localization. Altogether, these findings suggest that, as is the
case in other neurodegenerative diseases, SGs may be involved in the molecular

mechanisms underlying HD pathogenesis.

Targeting stress granules in neurodegeneration

The recent advances mentioned above have allowed for a better understanding of SG
dynamics and the role these may play in neurodegenerative disease. This information is
now being used to investigate multiple interventions to target SG pathology in
neurodegenerative diseases, including the targeting of elF2A phosphorylation, major SG
components, factors that mediate SG assembly, and the oxidative stress defense system

(Chen etal., 2017).

SG formation induced by oxidative stress is one of the best studied mechanisms in the SG
field, and largely depends on the phosphorylation of elF2A (Kedersha et al, 1999),
suggesting that reduction of elF2A phosphorylation is a viable target to reduce SG
formation. If overactive SGs are truly contributing to the pathophysiology of
neurodegenerative disease, then one would expect the downregulation of SGs via inhibition
of elF2A phosphorylation to be protective. A study demonstrating this showed that
reduction of elF2ZA phosphorylation by overexpression of a specific e[F2A phosphatase
reduced PrP-induced neurodegeneration in a mouse model of Creutzfeld-Jakob disease

and, in contrast, an inhibitor of elF2A dephosphorylation increased SG formation and
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accelerated neurodegeneration (Moreno et al., 2012). Another pathway that has been
explored as a potential approach to modulate eiF2ZA phosphorylation in the context of
neurodegeneration is the PKR-like ER-localized elF2A kinase (PERK) pathway (Hughes et
al., 2019). Because PERK is one of the kinases responsible for phosphorylating elF2A as a
result of ER stress, small molecule inhibitors of PERK have been investigated for its
potential neuroprotective effect. One study using ALS disease models, which had high
phosphorylated elF2A levels compared to controls, showed that inhibition of the PERK
pathway suppressed TDP-43 toxicity in a fly model and mammalian primary cortical

neurons (Kim et al., 2014).

While SG pathology and its modulation has not been fully explored in the context of HD,
elevated elF2A phosphorylation levels have been reported in HD models (Leitman et al,,
2014). This study found elevated elF2A phosphorylation levels in a cell line stably
expressing mHTT and in the HD mouse cortex and striatum, and this was attributed to high
PERK activation resulting from mHTT-dependent ER stress. Inhibition of PERK resulted in
reduced mHTT toxicity, suggesting that the dysregulation of elF2A phosphorylation is a
significant contributor to disease pathogenesis in HD and a viable therapeutic target. These
results raise questions about the involvement of SGs in HD pathogenesis and whether these
could also be exploited as therapeutic targets. However, recent findings by the same group
now suggest that PERK activation in response to mHTT expression represents an
insufficient cellular attempt to restore homeostasis, showing that treatment with a potent
PERK activator resulted in improved motor and executive functions, as well as delayed
death, in the R6/2 mouse model (Ganz et al., 2020). These contradicting results raise many
questions, and potential explanations involve the timing of the treatment and the life-span
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of the mouse models used. It is likely that a mouse model of HD loses the ability to handle
cellular stress as disease progresses and the transient induction of eI[F2A phosphorylation,
which leads to mechanisms that are initially protective (e.g. translational repression and SG
formation), is only transiently beneficial. Without the resolution of stress, additional long-
term activation of the PERK pathway might in fact be detrimental. For this reason, it will be
imperative for these strategies to be eventually tested in long-term HD mouse models, and

at different disease stages.

Another factor to consider is that PERK plays an important role in the cellular response to
ER stress and has many downstream effectors (Liu et al., 2015), thus its inactivation might
result in dangerous off-target effects. In response to this, targeting of specific SG effectors
downstream of PERK is actively being explored. For example, a recent study tested and
identified several compounds that can prevent the recruitment of disease-associated RBPs
to SGs, and while their mechanisms of action have not been elucidated, many of them are
believed to act on SGs themselves instead of upstream elF2A kinases (Fang et al., 2019).
Likewise, targeting of the SG nucleator G3BP1 via miRNA repression will be discussed in

Chapter 2 of this thesis.

F. Summary of introduction

Huntington’s disease is caused by a CAG-repeat expansion in exon 1 of the HTT gene, which
results in both a loss of function of the HTT protein, and a gain of aberrant functions,
including the propensity to aggregate. While medium spiny neurons of the striatum are
severely affected as the disease progresses, other regions of the brain, including multiple
cortical areas, are also affected over time. While endogenous factors and the transfer of
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pathogenic factors among physically contiguous cells may play an important role in disease
propagation, it is also likely that the CSF may propagate EV-packaged pathogenic factors
between physically distant brain regions. However, the influence of CSF EVs in the

propagation of HD pathology between different brain regions has not been addressed.

mHTT mediated toxicity leads to the activation of various cellular stress pathways,
including the activation of the UPR pathway in response to ER stress. UPR activation in turn
results in activation of the integrated stress response, an evolutionarily conserved
signaling pathway that relies on the phosphorylation of the eukaryotic translation initiation
factor elF2A to restore cellular homeostasis. Phosphorylation of elF2A leads to a decrease
in global protein synthesis and the selective translation of specific genes that optimize the
cellular stress response. The inhibition of translation results in an accumulation of stalled
transcripts in the cytoplasm, which, at high enough concentrations, form distinct
membraneless structures termed SGs. While increased phosphorylated-elF2A levels have
been detected in HD mouse models, SG formation has only been investigated in an in vitro

model, and it is yet to be determined whether SG accumulation is a feature of HD pathology.

Because the low amino acid complexity regions that regulate SG-associated RBPs share a
resemblance with expanded mHTT, it is tempting to speculate that SG and mHTT
aggregated structures may interact with each other, further enhancing the stability of SGs.
In addition to becoming disassembled by disaggregases SGs can let go of their contents by
transferring them to P bodies for gene silencing and degradation, or by undergoing
degradation via autophagy. However, data suggests P body formation and gene silencing

may be disrupted as a result of mHTT expression, and the disruption of autophagy in HD
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may affect SG clearance. Taken together, increased SG stability and decreased SG

dissolution may result in the pathologic accumulation of SGs in HD.

Data provided in my dissertation describes a potential role for CSF EV miRNAs in the
modulation of cellular stress in HD. The questions addressed by this dissertation are: 1)
Can SGs be detected in in vivo HD models and patient brain tissue? 2) Are CSF EV miRNA
contents altered in response to mHTT-mediated cellular stress? 3) Can altered miRNA-
mediated mRNA repression modulate SG accumulation? To answer these questions, we
relied on a rapidly progressing, transgenic mouse model that allows for the detection of
multiple mHTT conformational species (Chapter 1). Using CSF samples acquired from HD
patients as a source of EVs, we profiled their miRNA content and investigated the impact
these miRNAs may have on gene expression in the superior cortex of HD patients. In
addition, we tested the impact of specific CSF EV miRNAs on SG densities upon stress
induction (Chapter 2). Lastly, we initiated the derivation of CPECs from HD patient and
control iPSCs to investigate the impact of mHTT expression on CPEC function, which may

have important implications for CSF and CSF EV secretion (Chapter 3).

29



INTRODUCTION

TABLES

30



Table 1. Evidence for SGs in various models of HD.

SG protein
involved HD model used Stressor Reference
TIA-1 HDQ83 293 Tet-Off cells N/A Waeleter et al,, 2001
FUS (nuclear) [R6/2 mice and human cortex [N/A Doi et al., 2007
TDP-43 Human cortex N/A Schwab et al., 2008
TIA-1 R6/2 mice N/A Furukawa et al., 2009
10 uM
Caprin-1, G3BP1 [STHdh Q111/Q111 cells thapsigargin |Ratovitski et al., 2012
0.5 mM
sodium
TIA-1 STHdh Q111/Q111 cells arsenite Culver etal., 2012
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CHAPTER 1

Longitudinal biochemical assay analysis of mutant huntingtin exon 1 protein in R6/2 mice

SUMMARY OF CHAPTER 1

Biochemical analysis of mutant huntingtin (mHTT) aggregation species in HD mice is a
common measure to track disease. A longitudinal and systematic study of how tissue
processing affects detection of conformers has not yet been reported. Understanding the
homeostatic flux of mHTT over time and under different processing conditions would aid in
interpretation of pre-clinical assessments of disease interventions. The objective of this
study was to provide a systematic evaluation of tissue lysis methods and molecular and
biochemical assays in parallel with behavioral readouts in R6/2 mice to establish a baseline
for HTT exonl protein accumulation. Established biochemical methods were used to
process tissue from R6/2 mice of specific ages following behavior tasks. Aggregation states
and accumulation of mHTT exon 1 protein were evaluated using multiple break and assay
methods to determine potential conformational flux assay specificity in detection of mHTT
species, and tissue specificity of conformers. I contributed to this study by comparing how
biochemical processing affected detection of oligomeric mHTT species resolved by Agarose
Gel Electrophoresis (AGE). Detection of mHTT exon 1 protein species varied based on
biochemical processing and analysis providing a baseline for subsequent studies in R6/2
mice. Insoluble, high molecular weight species of mHTT exon 1 protein increased and
tracked with onset of behavioral impairments in R6/2 mice using multiple assay methods.

We found that conformational flux from soluble monomer to high molecular weight,
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insoluble species of mHTT exon 1 protein was generally consistent for multiple assay
methods throughout R6/2 disease progression; however, the results support the use of
multiple biochemical techniques to detect mHTT exon 1 protein species for preclinical

assessments in HD mouse models expressing mHTT exon 1 protein.

Chapter reprinted with permission from I0S Press from publication:

Morozko E.L., Ochaba ]., Hernandez S., Lau A., Sanchez I., Orellana 1., Kopan L., Overman J.,
Yeung S., Steffan ].S., Reidling J.,, and Thompson L.M. ‘Longitudinal Biochemical Assay
Analysis of Mutant Huntingtin Exon 1 Protein in R6/2 Mice.’ ]. Huntingtins Dis., November
2018, 7(4):321-335. The publication is available at [0S Press through

http://dx.doi.org/10.3233/JHD-180329
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INTRODUCTION

Huntington’s disease (HD), an autosomal-dominant neurodegenerative disorder, is caused
by a trinucleotide CAG repeat expansion within exon 1 of the Huntingtin (HTT) gene (The
Huntington’s Disease Collaborative Research Group, 1993). Neuropathological hallmarks
are degeneration of medium spiny neurons of the striatum and atrophy of the cortex (Rub
et al.,, 2016). The CAG-coding polyglutamine repeat (polyQ) expansion results in aberrant
misfolding, incomplete splicing, proteolysis, and accumulation of the mutant huntingtin
protein (mHTT), which may contribute to disease pathogenesis (Koyuncu et al., 2017;

Sathasivam et al., 2013).

Investigations into the biological mechanisms underlying HD and identification of
pathways that impact disease have implicated progressive mHTT accumulation as an
indicator of pathogenesis. Accrued evidence from multiple studies supports the following.
Mutant HTT undergoes conformational flux, modification, and processing resulting in
increased protein fragmentation and accumulation of insoluble aggregate species as the
disease progresses (Hoffner et al., 2015; Hoffner et al,, 2014; Ross et al.,, 2017). Intranuclear
inclusions of aggregated, amino-terminal fragments and ubiquitin are one of the hallmarks
of HD pathogenesis (Davies et al., 1997; DiFiglia et al. 1997) with the degree of aggregation
corresponding with the stage of disease, likely as a surrogate marker of disease
progression and aberrant protein homeostasis. Juvenile onset cases of HD, which are
caused by longer repeat lengths above ~60 polyQs, have an even higher aggregate load
(DiFiglia et al. 1997). Aggregates accumulate in medium spiny neurons (MSNs) of the

striatum and cortex, which are significantly impacted by disease, but are notably absent
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from the cerebellum (DiFiglia et al. 1997). However, mHTT undergoes changes in

conformation prior to entering the visible inclusion phase (Hoffner et al., 2014).

Many HD-associated studies have focused on mHTT exon 1 protein (mHTTex1p) due to its
robust effects on mHTT accumulation and aggregation, and on behavioral and biochemical
deficits associated with HD in mice and flies (Mangiarini et al., 1996; Steffan et al., 2001).
For in vivo studies, the first HD mouse model generated was an amino-terminal human
exon 1 transgenic mouse (Mangiarini et al., 1996). Recently, the Bates and Housman groups
showed that incomplete splicing can produce an endogenous, pathogenic mHTTex1p in
full-length knock-in mouse models and human patient fibroblasts, equivalent to the
transgene expressed in R6/2 mice (Mangiarini et al., 1996), that may contribute to disease
progression in HD (Sathasivam et al, 2013; Neueder et al, 2017). The process of
aggregation is representative of the progressive nature of the disease, beginning from
soluble monomers, assembly into soluble species such as oligomers and (3-sheet fibrils and
ultimately forming insoluble aggregates and inclusions (Hoffner et al., 2014; Arndt et al,,
2015). Soluble oligomers can go on to form spherical prefibrillar or protofibrilar soluble
oligomers (Poirier et al., 2002) before maturing into amyloid-like aggregates (Scherzinger
et al., 1997) and fibrils (Wanker et al., 1999). However, aggregation of mHTT and other
amyloidgenic disease-associated proteins appears to progress in a non-linear path (Arndt

et al,, 2015; Eisele et al,, 2015).

While the precise contribution of aberrant accumulation and aggregation of protein to
disease pathogenesis is complex, altered proteostasis may serve as a useful surrogate in

evaluating preclinical efficacy of genetic and pharmacologic interventions on pathologies.
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Therefore, systematic detection of mHTT protein and the overlap with disease phenotypes
is important for evaluating in vivo perturbations and their impact on disease onset and
progression. Conformational species of mHTT have been tracked over time previously in
HdhQ150 mice using uniform processing (Marcellin et al, 2012). However, due to
biochemical heterogeneity of mHTT conformers, we suggest that sample processing may
impact detection of different mHTT species. As a first step in systematically evaluating
conformational transitions throughout disease progression, we performed a longitudinal
analysis of tissues from transgenic R6/2 mice expressing human mHTTex1p using a battery
of biochemical cell lysis methods (Table 1.1) and several specific assays developed over
the years to detect and resolve mHTT protein species to investigate how they impact
detection of mHTTex1p. Conformational transitions we measured include soluble
oligomeric species (Weiss et al., 2008; Legleiter et al., 2010; Sontag et al., 2012), insoluble
accumulated species (Kim et al., 2011; Ochaba et al., 2016; Ochaba et al., 2018; O’'Rourke et
al,, 2013), and insoluble fibrillary species (Wanker et al., 1999). We tracked these species in
parallel with behavioral phenotypes to provide a baseline to guide studies, and also show
that the ability to detect specific species and their abundance is influenced by the tissue

processing techniques employed.

RESULTS

R6/2 mice exhibit classical behavioral deficits

A longitudinal assessment of mHTTex1p species and tissue processing methods was
performed in R6/2 transgenic mice based on their rapid progression of HD modeled

phenotypes, the formation of detergent-insoluble aggregated species of mHTT and the
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extensive use of this model for preclinical studies (Li et al., 2005). These mice express the
first exon of human HTT (CAG repeat of ~125) encoding mHTTex1lp and show
reproducible and rapidly progressing motor and metabolic symptoms at 6 weeks of age
and eventually develop tremors, lack of coordination, excessive weight loss, and early
death (~12 weeks). Animals were assessed in behavior tasks and tissue collected for
biochemical assays at time points of 5, 7, 9 and 11 weeks of age. Behavioral deficits were
consistent with reported data (Mangiarini et al.,, 1996; Hickey et al., 2005), allowing direct
comparison to molecular readouts. R6/2 mice had a significantly decreased latency to fall
in the Rotarod task compared to non-transgenic controls (NT) at 7, 9, and 11 weeks of age
(Figure 1.1, A; p<0.0001). This latency to fall was progressive over time in R6/2 mice
(F2,49=5.62, p<0.01). Motor deficits were further characterized by a significantly increased
time to descend on the pole test task between NT and R6/2 mice at 8 (p<0.001) and 10
(p<0.01) weeks of age, which represented maximal dysfunction that did not progress
further in the later time points (Figure 1.1, B; F2,51=2.86, p>0.05). At 6, 8, and 10 weeks of
age, R6/2 mice show significantly impaired forelimb strength as measured by the grip
strength test compared to NT mice (Figure 1.1, C; p<0.0001), progressively worsening
over time in R6/2 mice (F2,51=10.99, p<0.0001). Additionally, clasping phenotype increased
over the course of the disease indicating progressive dyskinesia and beginning at week 7,
R6/2 mice show plateaued weight gain as compared to their NT littermates (Figure 1.1, D

and E; Genotype: F1,272 =70.69, p<0.0001).

For quality control and to assess a molecular readout of disease progression supporting the
validity of protein fluctuations in our longitudinal cohort of R6/2 animals, qPCR analysis
was conducted on Ppplrlb (Darpp-32), known to be dysregulated in R6/2 mice (Luthi-
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Carter et al., 2000; Bibb et al., 2000), endogenous murine huntingtin (Htt), and the R6/2
transgene. Darpp-32 was significantly decreased at all ages in R6/2 mice compared to NT
littermates in both the striatum (Genotype: F116=58.54, p<0.0001) and the cortex
(Genotype: F1,16=160.1, p<0.0001, Figures 1.1, F and G, and 1.2, A and B) as reported
(Luthi-Carter et al., 2000; Bibb et al., 2000). In the striatum, endogenous Htt increased in
R6/2 mice at week 11 compared to week 11 NT littermates showing a significant genotype
effect (F1,16=5.22, p<0.05). A significant increase in R6/2 transgene by week 11 compared
to week 7 was detected in R6/2 mice (F3s=4.41, p<0.05, Figures 1.1, F and 1.2, A). In the
cortex there was no detectable difference in Htt in R6/2 compared to NT littermates at
each age tested (Age: F3,16=2.69, p>0.05, Genotype: F1,16=0.02, p>0.05, Figures 1.1, G, and
1.2, B). While there was a significant increase in R6/2 transgene between weeks 7 and 11
of age in the striatum, there was no significant change in R6/2 transgene in the cortex
(F3,8=0.62, p>0.05). No genotype-related transcriptional changes were detected for Rplp0,
which was used as a normalization factor. Further, reverse-transcriptase-negative controls

showed no significant signal in any sample (data not shown).

Mutant HTT undergoes conformational flux over time in R6/2 mice

A standard outcome measure used to measure mHTT flux is the detection of intranuclear
inclusion bodies by immunohistochemistry using aggregation specific antibodies (e.g.
EM48, (Gutekunst et al, 1999)), therefore, we evaluated inclusions in the R6/2 mouse
striatum and cortex over time. R6/2 mice showed a progressive increase in mHTT
inclusion body formation in both the striatum (F38=13.28, p<0.01) and the cortex

(F3,8=25.42, p<0.001) compared from 5 weeks of age to later time points (Figure 1.3). This

38



is consistent with a conformational flux towards insoluble, aggregate species of mHTT
beginning at the time of overt disease onset. Although striatum shows the most overt
degeneration at late stages, cortical regions have significantly more inclusion bodies by 9
and 11 weeks of age compared to the striatum (Region: F1, 16=34.69, p<0.0001, Age: F3,
16=37.89, p<0.0001), consistent with what has previously been reported (Figure 1.3)

(Davies et al., 1997).

We have previously described a Soluble/Insoluble Fractionation protocol and Western blot
analysis to distinguish soluble monomeric and accumulated insoluble mHTT species in late
stage R6/2 mice (Ochaba et al., 2016; Ochaba et al., 2018). This technique was used for this
longitudinal analysis of R6/2 mouse tissue and compared to other tissue lysis methods of
striatum, cortex, hippocampus, cerebellum, and peripheral tissues (liver and skeletal

muscle) using a HTT antibody that selectively detects human mHTTex1p.

Striatum: Following fractionation, the soluble protein fragment of human HTT encoded by
the transgene in R6/2 mice, mHTTex1p, was detectable as a monomeric protein species in
the Soluble Fraction, with highest levels at the first time point tested at 5 weeks of age in
the striatum (Figure 1.4, A). Over the disease course the detectable amount of soluble
mHTTex1p monomer decreased significantly (Fss=15.51, p<0.01) and appeared to be
accompanied by a corresponding increase in the insoluble, HMW species of mHTTex1p,
potentially reflecting the dynamic shift in mHTTex1p conformation from soluble monomer
into an insoluble, accumulated species. However, significance was only supported by 1-way
ANOVA and was not detected following post-hoc analysis (F3s=4.274, p<0.05, Figure 1.4,

A). The observed fluctuation in size of the detectable monomer is not likely due to a

39



somatic expansion in the striatum as the number of repeats present in the transgene was
similar in the striatum compared to tail genomic DNA (Table 1.2, CAG repeat sizes in tails
and striatum). Accompanying the apparent increase in insoluble HMW mHTTex1p resolved
by PAGE and western blotting was an observed increase in insoluble fibrils of mHTTex1p
from the Insoluble Fraction as detected by a filter retardation assay (Figure 1.4, A). To
examine methods used to process samples then assess levels of mHTTex1p, a series of
commonly used tissue lysis buffers specific for given assays were tested to compare
outcomes (Table 1.1). An inverse fluctuation from monomeric mHTTex1p towards
progressive detection of HMW mHTTex1p retained in the top of the gels were detected in
striatal samples lysed in either T-PER (Monomer: F38=5.85, p<0.05, HMW: F38=12.12,
p<0.01) or RIPA (Monomer: F38=25.44, p<0.001, HMW: F35=4.06, p>0.05) buffers as with
the Soluble/Insoluble Fractionation (Figure 1.4, B and C) and summarized in Table 1.3.
TRIzol reagent was also tested since it has the advantage of collection of both RNA and
protein from processed tissue. However, TRIzol reagent showed extensive variability in
detection of both soluble monomer and HMW species of mHTTex1p compared to other

methods, precluding its use as an assay for shifts in solubility (Figure 1.5, A).

Cortex: Cortical tissue samples were processed using the same methods in parallel and
samples showed a similar dynamic shift from soluble, monomeric mHTTex1p to HWM
mHTTex1p as observed in the striatum (Table 1.3 and Figure 1.6). Insoluble, HWM
mHTTex1p significantly increased (F38=9.88, p<0.01), while soluble, monomeric
mHTTex1p significantly decreased (F38=8.78, p<0.01, Figure 1.6, A). This shift was also
accompanied by an observed increase in insoluble fibrils from the Insoluble Fraction
similar to striatal samples (Figure 1.6, A). T-PER-processed samples showed significant
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reduction in monomeric mHTTex1p and increase in HMW mHTTex1p (Monomer:
F38=10.91, p<0.01, HMW: F38=8.42, p<0.01, Figure 1.6, B), similarly seen in RIPA-
processed samples (Monomer: F38=7.21, p<0.05, HMW: F33=10.85, p<0.01, Figure 1.6, C).

Extensive variability in TRIzol-processed samples was again observed (Figure 1.5, C).

Hippocampus and Cerebellum: The dynamic shift between soluble monomer and insoluble
HMW mHTTex1lp was observed in the hippocampus following Soluble/Insoluble
Fractionation, showing significant conformational flux (Monomer: F3s=142.2, p<0.0001,
HMW: F33=21.05, p<0.001; Table 1.3 and Figure 1.7, A). R6/2 mice have been previously
reported to have deficits in spatial learning (Lione et al., 1999), a hippocampal-dependent
process, as well as decreased hippocampal volume (Rattray et al., 2013) and spine density
(Bulley et al., 2012), suggesting that this insoluble, HMW mHTTex1p protein could
correlate with observed deficits in these animals. This shift, however, was not detected in
tissue samples processed in T-PER reagent, showing no decrease in monomeric mHTTex1p
(Monomer: F38=0.13, p>0.05) but an increase in the unresolved, HMW accumulated
mHTTex1p species (F3s=5.41, p<0.05, Figure 1.7, B). Insoluble, HMW mHTTex1p in the
cerebellum significantly increased (F38=29.11, p<0.0001), but the Soluble Fraction did not
show significant soluble monomer flux throughout disease progression (F3s= 2.51, p>0.05),
indicating that mHTTex1p may be sequestered into a different form or aggregate species in
the cerebellum and may provide insight into tissue specificity and vulnerability in HD
(Table 1.3 and Figure 1.7, C). Cerebellar tissue samples broken in T-PER reagent,
however, showed a significant increase in accumulated mHTTex1p (F38=6.32, p<0.05) and
a corresponding decrease in soluble monomer (F3s=4.25, p<0.05, Figure 1.7, D). These
results suggest that while accumulated HMW mHTTex1p tracks with disease pathogenesis
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and may serve as a robust measure of disease progression, additional methods to detect
additional species of mHTT or levels of full-length endogenous HTT may be necessary to

investigate tissue specific vulnerabilities or normal HTT levels (Franich et al., 2018).

Liver and Skeletal Muscle: We also evaluated liver and skeletal muscle samples for
accumulation of HMW mHTTex1p in comparison to the brain tissue results. Liver samples
show significant accumulation of insoluble, HMW mHTTex1p (F38=83.34, p<0.0001). The
soluble monomer, however, was not detectable using Soluble/Insoluble Fractionation (Sup.
Figure 1.8, A, data not shown). Significant accumulation of HMW mHTTex1p was detected
in samples broken in T-PER reagent (F3s8=12.79, p<0.01) and interestingly, soluble
monomeric mHTTex1p was also detectable in liver samples broken in T-PER reagent but
no change in protein abundance during disease progression was detected with this break
method (F38=2.95, p>0.05, Figure 1.8, B). Like liver, significant accumulation of insoluble,
HMW mHTTex1lp was detectable in skeletal muscle only using Soluble/Insoluble
Fractionation (F38=7.53, p<0.05). No soluble monomer of mHTTex1p was detectable in
skeletal muscle broken with either Soluble/Insoluble Fractionation or T-PER reagent.

HMW mHTTex1p was not detected in T-PER (Figure 1.8, C, data not shown).

Oligomeric mHTT detection varies based on tissue processing

Agarose Gel Electrophoresis (AGE) has been used to resolve soluble, oligomeric species of
mHTT in RIPA buffer as described (Weiss et al., 2008; Sontag et al., 2012). Tissue samples
from striatum and cortex that were lysed using methods as above (Table 1.1) were also
analyzed using AGE to compare how biochemical processing affected detection of mHTT
species resolved by AGE. Detection of oligomeric mHTTex1p species on AGE gels
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throughout the course of the disease in R6/2 mice varied greatly depending on break
method as summarized in Table 1.3 (Figure 1.9). Striatal tissue samples from R6/2 mice
broken in RIPA buffer showed an increase in oligomeric mHTTex1p through week 9
followed by a significant decrease by week 11 (F38=27.21, p<0.001). However, R6/2
striatal samples showed increased oligomeric mHTTex1p through week 11 in both
Insoluble (F38=27.31, p<0.001) and Soluble (F38=7.30, p<0.05) Fractions, and samples
broken in T-PER (F38=24.70, p<0.001, Figure 1.9, A), and TRIzol (F3s=16.02, p<0.001,
Figure 1.5, B). Cortical tissue samples broken using identical methods more consistently
showed a significant increase in oligomer formation (RIPA: F38=19.56, p<0.001, Insoluble:
F38=29.95, p<0.001, T-PER: F38=109.3, p<0.0001, Figure 1.9, B) with the exception of the
Soluble Fraction (F38=2.291, p>0.05) and of TRIzol samples (F38=0.95, p>0.05, Figure 1.5,
D) which showed no significant accumulation of mHTTex1p oligomers. Therefore, the
variability in detectable oligomeric mHTTex1p among tissue processing methods is an

important consideration when analyzing data in preclinical studies.

DISCUSSION

Proteostasis in HD is perturbed by the expression of mHTT, shifting homeostatic balance
and associated downstream cascades. Molecular and biochemical readouts such as
aberrant mHTT accumulation and transcriptional alterations can be correlated to
behavioral phenotypes in an effort to track disease modification. Our longitudinal cohort of
R6/2 mice exhibited behavioral phenotypes as previously reported (Figure 1.1,

(Mangiarini et al., 1996; Hickey et al., 2005; Luthi-Carter et al., 2000; Bibb et al., 2000)),
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allowing for a systematic comparison of changes in mHTTex1p conformations using

selected cell lysis and biochemical assays in an HD model over time.

At the level of transcription, expression of Darpp-32 (Luthi-Carter et al., 2000; Bibb et al,,
2000) was decreased in R6/2 mice as expected, thus providing a reliable molecular quality
control marker (Figures 1.1 and 1.2). While previously reported that transgene
expression was within range of the endogenous murine gene in R6/2 mice (Mangiarini et
al,, 1996), there was a moderate increase in the levels of endogenous Htt transcript in R6/2
mice in this study by 11 weeks of age in the striatum compared to age-matched NT
controls, perhaps indicating an upregulation to compensate for transgene genotoxic stress
or for the declining wild-type endogenous HTT protein levels observed in HD knock-in
mice during aging (Franich et al, 2018). Intriguingly, this increase also extended to
expression of the R6/2 transgene in striatum, potentially reflecting compensatory
upregulation of Htt given that the transgene is expressed from the human Htt promoter
(Mangiarini et al., 1996). The upregulation of the transgene and of endogenous Htt was not
observed in cortex, potentially reflecting some aspect of tissue specificity. Thus, when
making assessments of protein levels, differential transcription may be considered in
addition to changes in protein clearance mechanisms, such that the observed increase in
R6/2 transgene expression in the striatum could also contribute to the detected increase in

accumulated species of mHTTex1p.

Given that mHTT conformations have different biochemical properties, it is important to
evaluate how tissue processing and analytical technique impact detection of conformers,

and we assessed this in vivo assaying mHTTex1p from transgenic R6/2 HD mice. We first
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sought to resolve soluble and insoluble species of mHTTex1p in different brain regions and
peripheral tissues. Accumulation of insoluble, HMW mHTTex1p resolved from the
Insoluble Fraction was consistently detected in every tissue tested (Table 1.3 and Figures
1.7, 1.8), and the appearance of the insoluble mHTTex1p accumulation tracked with onset
of disease phenotypes. In striatum, cortex, and hippocampus, this increase was
accompanied with a progressive decrease in the soluble mHTTex1p monomer associated
with the transgene. The decrease in soluble mHTTex1p and corresponding increase in
insoluble HMW species of mHTTex1p, tracking with disease progression, suggests that
preventing this flux through therapeutic modulation may be therapeutically beneficial.
Supporting this, our previous data showed that modulation of the insoluble, HMW species
by reduction of the E3 SUMO ligase, Protein Inhibitor of Activated Stat 1 (PIAS1) in the
striatum of R6/2 mice corresponded with beneficial behavioral and molecular alterations
(Ochaba et al,, 2016) and treatment with a compound that corresponds with worsened
behavioral phenotypes, JQ1, increased levels of this insoluble, HMW specifies (unpublished
results, Thompson). However, while this insoluble, HMW species tracked with disease
progression and observed behavioral deficits, it did not provide insight into tissue
specificity involved in disease pathogenesis. Therefore, this species may serve as a reliable
readout for molecular progression of disease but not of tissue-specific vulnerabilities. An
alternative methodology to further define levels of HTT species recently reported that
levels of full-length mHTT protein do not decline robustly in cerebellum with aging, unlike
in cortex and striatum, in two homozygous knock-in models, highlighting the importance of
tracking multiple full-length and protein fragment species of both HTT and mHTT (Franich

et al., 2018).
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While accumulation of insoluble, HMW mHTTex1p was detectable in peripheral tissue
(skeletal muscle and liver), Soluble/Insoluble Fractionation was unable to resolve the
soluble, monomeric transgene protein product (Figure 1.8). This could indicate an
accelerated or differential aggregation pathway or preferential clearance of the monomer
in peripheral tissue. Being able to accurately detect mHTT conformers would aid in

establishing tissue intrinsic differences.

Whole-cell lysis techniques, such as RIPA and T-PER reported here, were able to resolve
soluble monomeric mHTTex1p albeit with variability compared to other techniques used
(Table 1.3). Interestingly, a HMW mHTTex1p species from whole-cell tissue processing
methods was retained at the top of the gel when analyzed by PAGE and Western blot. It is
possible that this HMW species contains both soluble and insoluble proteins and multiple
mHTTex1p conformers and therefore cannot be directly compared to the insoluble, HMW
mHTTex1p detected in the Insoluble Fraction that resolves in low-percentage PAGE gels.
However, the whole-cell lysis HMW species reliably increased in some brain regions
broken in both RIPA and T-PER buffers and therefore may also serve as a readout for

molecular progression of disease.

Soluble oligomeric mHTT was previously shown to be detectable at an early age in
HdhQ150 mice. Levels of this soluble species, detected by size exclusion chromatography,
diminished over time and corresponded with an increase in intranuclear inclusion
formation (Marcellin et al.,, 2012). Though our findings present a similar trend, detection of
an earlier oligomeric species of mHTTex1p is dependent on tissue processing (Table 1.3

and Figures 1.5, B, D, and 1.9). Alternatively, due to the heterogeneity of oligomeric
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mHTT (Hoffner et al, 2014), certain biochemical processing methods may favor one
soluble species over the other. Conformation-specific antibodies facilitate studies of
various mHTT species and their association with pathogenesis (e.g. 3B5H10 (Miller et al,,
2011), 1C2 (Trottier et al., 1995), MW8 (Ko et al,, 2001), EM48 (Gutekunst et al., 1999)).
Therefore, future in depth analysis using conformer specific antibodies may provide

further insight (Legleiter et al., 2009).

Taken together, the data presented here is consistent with the dynamic shift of the soluble
mHTT transgene protein product in R6/2 mice to an insoluble, HMW accumulated
mHTTex1p species accompanied by a change in oligomeric mHTTex1p over the time
course of the disease. Significantly, protein processing methods influence the detection and
temporal effects. Protein processed in TRIzol reagent yielded the greatest amount of
variation between assays for detecting different species of mHTTex1p (Figure 1.5),
precluding its use in these studies. However, TRIzol may be useful in detection of non-

aggregating proteins to enable parallel protein and RNA processing.

The shift to insoluble, HMW and aggregated mHTTex1p from soluble monomer is
associated with increasing behavioral dysfunction compared to NT mice and represents a
robust protein assay to track disease progression in R6/2 mice. Understanding the
outcomes of standard protein homeostasis assays to assess mHTTex1p flux in R6/2 mice
provides a baseline for cross comparisons of preclinical interventions. It will be beneficial
to conduct similar assessments of mHTTex1p flux in brain expressing full-length mutant
HTT, given that mHTTex1p is expressed in knock-in HD mouse models and in patient brain

(Sathasivam et al,, 2013; Neueder et al., 2017), and may be relevant to the onset of HD
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pathogenesis. A recent report showed a decrease in soluble mHTTex1p monomer in the
zQ175 HD knock-in mouse model over time (Neueder et al, 2017), suggesting that
detecting this species as well as the insoluble, mHTTex1p species may be powerful cross-
model molecular correlates. Indeed, in the assays here, decreasing monomeric mHTTex1p
from fractionation of striatal tissue or breaking in RIPA appeared qualitatively to track
most closely with the progression of phenotypes in the R6/2 mice. We have previously
published a decrease in full-length HTT with age in striatum and cortex of two HD
homozygous knock-in models and in wild-type controls, which may reflect a loss of full-
length HTT protein function over time (Franich et al., 2018). Due to the dynamic shift
between mHTTex1p conformations throughout the course of the disease we propose using
multiple, optimized biochemical analyses, potentially in combination with high context
histological approaches as described for knock-in zQ175 mice (Carty et al., 2015) to
determine the impact of potential therapeutics on the protein flux of both mHTTex1p and

full-length HTT protein.

EXPERIMENTAL PROCEDURES

Animals

R6/2 mice were obtained from Jackson Laboratories at 5 weeks of age and allowed to age
to 7,9, or 11 weeks. CAG repeat sizing of genomic DNA harvested from tails was performed
by Laragen. Experiments were carried out in strict accordance with the Guide for the Care
and Use of Laboratory Animals of the NIH and an approved animal research protocol by the
Institutional Animal Care and Use Committee (IACUC) at the University of California, Irvine.

Animals were humanely euthanized by an injection of Euthasol at age 5, 7, 9 or 11 weeks
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followed by cardiac perfusion with PBS then decapitation. Brain and peripheral tissues
used for biochemical assessment were flash-frozen on dry ice and stored at -80°C until
further use. Brain tissue used for immunofluorescence was drop fixed in 4%

paraformaldehyde for 48 hours then protected in 30% sucrose with 0.02% sodium azide.

Behavioral Paradigms

Motor deficits were assessed in pole test, rotarod, and grip strength assays as previously
described (Ochaba et al,, 2016). For pole test, mice were tested at 6, 8, and 10 weeks of age
for their ability to descend a vertical pole (1 cm in diameter, 60 cm high) by recording and
averaging time to descend over four trials for analysis. Rotarod was carried out using an
accelerating apparatus (Dual Species Economex Rota-Rod; 0207-003M; Columbus
Instruments) at 7, 9, and 11 weeks of age. Animals were trained on Rotarod for 5 minutes
on day 1 and tested the following day by an accelerating assay recording and averaging

time to fall for three, 5-minute trials test day.

Grip strength was assessed 6, 8, and 10 weeks of age to measure forelimb strength using a
meshed force gauge which retained the peak force applied (IITC Life Science instrument,
Woodland Hills, CA) and averaging the top 4 strongest pulls of 5 trials in grams of force
applied to the meter. Dyskinesia was assessed by recording percent of animals clasping
from weeks 5-11 as described previously (Mangiarini et al., 1996) and body weights were

recorded at the same time daily from weeks 5-11.

Immunohistochemistry and Quantitation
Post-fixed brains were processed as 40 um sections, used for immunohistochemistry and

imaged by confocal microscopy. The following primary antibodies were used: anti-HTT
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mEM48 (Millipore MAB5374) and anti-DARPP-32 (Santa Cruz SC-11365). Following
antibody incubation, nuclei of slices were stained with TO-PRO™-3 iodide nuclear stain
(Thermo Fisher T3605) and mounted onto microscope slides using Fluoromount-G
(SouthernBiotech 0100-01). A LeicaDM2500 confocal microscope was used to acquire
images. Six representative sections were used per animal. Two comparable z-stack images
per section were acquired at 40x and used for quantification. EM48-positive puncta were
automatically counted using Imaris Bitplane 5.0 spots setting with a diameter threshold of

0.5 um and consistent threshold between samples.

Tissue Lysis

Flash frozen brain and peripheral mouse tissue were lysed by douncing 30 times in a glass
2 mL vial. Soluble and Insoluble Fractionation was performed on tissue samples in lysis
buffer containing 10 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl, 10% glycerol, and
0.2 mM PMSF, and supplemented with protease inhibitors and NEM as previously
described (Ochaba et al., 2016; Ochaba et al., 2018; O’Rourke et al., 2013). Samples were
lysed for 60 minutes on ice followed by a 20-minute centrifugation at 15,000 xg at 4°C.
Supernatant served as Soluble Fraction and pellet was washed twice with lysis buffer
before being re-suspended in lysis buffer supplemented to 4% SDS and served as the
Insoluble Fraction. Insoluble samples were sonicated for 30 seconds at 40% amplitude and
boiled for 30 minutes. Protein fractions were quantified using Lowry protein assay (Bio-
Rad). Whole cell tissue lysis was performed in T-PER or RIPA buffers supplemented with
protease inhibitors protease inhibitors (Complete Mini, Roche Applied Science), 0.1 mM
PMSF, 25 mM NEM, 1.5 mM aprotinin, and 23.4 mM leupeptin by douncing as above then
sonicated for 10 seconds, 3 times at 40% amplitude on ice. T-PER samples were quantified
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using Bradford protein assay and RIPA samples were analyzed using Lowry protein assay.
Protein fraction from tissue samples processed using TRIzol™(Thermo Fisher A33251)
reagent was prepared according to manufacturer’s protocol to solubilize organic protein

phase and analyzed by Bradford protein assay.

Western Blot analysis

Soluble Fractions, T-PER, and RIPA lysates were resolved by reducing and running 30ug of
protein on 4-12% Bis-Tris Poly-Acrylamide gels (PAGE) at 150V and transferred onto
0.45pM nitrocellulose membrane. 30ug of reduced, insoluble protein from Insoluble
Fractions were resolved on 3-8% Tris-Acetate Poly-Acrylamide gels run at 150V and
transferred onto 0.45uM nitrocellulose membrane. Membranes were blocked in Starting
block (Invitrogen) for 20 minutes at room temperature and probed in primary antibody
overnight at 4°C. The following primary antibodies were used: anti-HTT (Millipore
MAB5492) to detect HTTexlp, anti-actin (Sigma A5060), and anti-GAPDH (Novus
Biologicals NB100-56875). Western blot data was quantified by determining the mean
pixel intensity using Scion Image processing software. Soluble Fractions, T-PER, and RIPA
lysates were normalized to house-keeping protein loading control (GAPDH or Actin) prior
to statistical analysis. Insoluble protein was quantified as relative protein abundance as

previous (Ochaba et al., 2016; Ochaba et al., 2018).

Agarose Gel Electrophoresis analysis
Oligomeric species of mHTTex1p were detected using Agarose Gel Electrophoresis (AGE)
as previously described (Sontag et al., 2012) using a 1%, 375mM Tris-HCl, pH 8.8, 1% SDS

agarose gel. 30pug of protein was suspended in a non-reducing loading buffer (4x, 300 mM
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Tris-HCl pH 6.8, 66% glycerol, 2.4%SDS with BPB) and loaded onto an agarose gel without
boiling. Samples were run in a 192 mM glycine, 24.8 mM Tris base, 0.1% SDS running
buffer and transferred using an Invitrogen Novex Semi-Dry blotter onto 0.45 um PVDF
membrane at 10V for 1 hour. Membranes were blocked in starting block (Invitrogen) for 1
hour at room temp and probed with primary antibody overnight at 4°C. mHTTex1p was
detected using anti-HTT (Millipore MAB5492) antibody. AGE data was quantified by
determining the mean pixel intensity using Scion Image processing software as a relative

protein abundance.

Filter Retardation assay

Insoluble fibrils of mHTTex1p were detected using a filter retardation assay (Wanker et al,,
1999) with modifications. 30pg of insoluble samples obtained from Soluble/Insoluble
Fractionation were suspended in 200 ul of 0.1% SDS, boiled for 5 minutes, loaded on to a
dot blot apparatus (BioRad), and blotted onto 0.2 pum Cellulose Acetate membrane.
Membrane was blocked for 1 hour at room temperature in 5% milk in TBST. Fibrils were

detected with anti-HTT antibody (Enzo PW0595).

RNA Isolation and Real-Time qPCR

Flash frozen brain regions harvested from R6/2 longitudinal animals were homogenized in
TRIzol™ (Thermo Fisher A33251) and RNA was collected using manufacturer’s procedures
then purified using RNEasy Mini kit (QIAGEN). Residual DNA was removed by DNase
treatment incorporated into RNEasy protocol as per manufacturer’s suggestion. Following
RNA isolation, reverse transcription was performed using SuperScript 3 First-strand

synthesis system according to manufacturer’s protocol (Invitrogen). Both oligo (dT) and
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random hexamer primers were used in a 1:1 ratio with a total of 1 pg RNA per sample.
Final synthesized cDNA was diluted 1:10 in DEPC treated water and stored at -20°C until
use. The following primers were used to amplify and detect cDNA from transcripts: full-
length Htt (F: GCAGGG-AAAGAGCTTGAGACAC, R: CCTCATTCTCCTTGTGGCACTG), R6/2
transgene (F: CCGCTCAGGTTCTGCTTTTA, R: TGGAGGGACTTGAGGGACTC), Darpp-
32/Ppplrlb (F: TCTCAGAGCACTCCTCACCAGA, R: CACTCAAGTTGCTAATGGTCTGC), Rplp0

(F: GCTTCGTGTTCACCAAGGAGGA, R: GTCCTAGACCAGTGTTCTGAGC).

Statistical analysis

All data represented as mean + SEM with a p value of p<0.05 considered statistically
significant. Analyses were completed in GraphPad Prism software. Student’s two-tailed t-
tests, assuming equal variance were performed for behavioral comparisons at designated
time points between non-transgenic (NT) and R6/2 mice. Behavioral comparisons between
R6/2 animals over time were completed by performing a 1-way ANOVA. Densitrometry
and aggregate count from EM48 positive immunolabeling studies were analyzed by
performing a 1-way ANOVA to assess changes overtime or 2-way ANOVA to compare
between brain regions. Pixel intensity values were obtained from western blots and
subjected to 1-way ANOVA to assess changes in protein quantify overtime in R6/2 mice.
Statistical analysis was completed on the delta CT (dCT) values obtained from qPCR
reactions normalized to Rplp0. When comparing relative to NT week 5, a 2-way ANOVA
was used to assess changes in genotype and time. When comparing between R6/2 mice
only, a 1-way ANOVA was used to assess changes over time in transcription. All 1-way
ANOVAs were followed by Tukey’s multiple comparisons test. All 2-way ANOVAs were
followed by Sidak’s multiple comparisons test.
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Figure 1.1. Progressive motor and transcriptional changes as quality control for
R6/2 mice. A) R6/2 mice have significantly decreased latency to fall compared to non-
transgenic controls (NT) that progressed over time. B) R6/2 mice display progressive
and significantly increased time to descend on the pole test task through disease
progression. C) R6/2 mice show significantly impaired forelimb strength as measured
by the grip strength test compared to NT and progressively worsened over time. D)
R6/2 mice show plateaued weight gain beginning at week 7 (Genotype: F1, 272 =70.69,
p<0.0001). E) Clasping deficits increase over the course of the disease. F) Striatal RNA
shows significant fold change in Darpp-32 (Genotype: F1,16=58.54, p<0.0001) and full
length murine Htt (Genotype: F1,16=5.22, p<0.05) relative to NT week 5. An increase in
the R6/2 Transgene (F3s=4.41, p<0.05) fold change relative to R6/2 week 5 is observed.
G) Cortical RNA shows significant changes in Darpp-32 (Genotype: F1,16=160.1,
p<0.0001) but not Htt (Age: F1,16=2.69, p>0.05, Genotype: F1,16=0.02, p>0.05) relative to
NT week 5 or R6/2 transgene relative to week 5 R6/2 animals (F38=0.62, p>0.05).
Behavior: n= 36 (week 5); 27 (week 7); 18 (week 9); 9 (week 11). *P<0.05, **P<0.01,
*#%P<0.001, values represent means = SEM. Statistical significance of genotypic
differences was determined by unpaired, 2-tailed t-test for all behavioral analysis. 2-
way ANOVA followed by Bonferroni post-hoc test for weight comparison. qPCR: n=3 for
each gene and timepoint. Statistical analysis was completed using 2-way ANOVAs for
comparing to NT animals followed by Sidak’s multiple comparison’s test and 1-way
ANOVAs comparing R6/2 mice at different ages followed by Tukey’s multiple
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Figure 1.2. Delta CT (dCT) values used to analyze transcriptional
alterations detected by qPCR in R6/2 mice. A) Striatal gene dCT values
relative to NT week 5 shows a significant progressive increase in full length
murine Htt (Genotype: F1,16=5.22, p<0.05) and decrease in Darpp-32 (Genotype:
F1,16=58.54, p<0.0001). Striatal gene dCT values relative to R6/2 week 5 shows a
progressive increase of R6/2 Transgene expression (F3s=4.41, p<0.05). B)
Cortical gene dCT values relative to NT week 5 shows significant changes in
Darpp-32 (Genotype: F1,16=160.1, p<0.0001) but not Htt (Age: F1,16=2.69, p>0.05,
Genotype: F1,16=0.02, p>0.05) or R6/2 transgene relative to week 5 R6/2 animals
(F38=0.62, p>0.05). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, values
represent mean fold change. n=3 for each gene and timepoint. Statistical analysis
was completed using 2-way ANOVAs for comparing to NT animals followed by
Sidak’s multiple comparison’s test and 1-way ANOVAs comparing R6/2 mice at
different ages followed by Tukey’s multiple comparison test.
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Figure 1.3. Progressive mHTT inclusion body formation in cortex and
striatum of R6/2 mice. A-D) 5-11 week-old R6/2 mice show progressive
inclusion body formation in striatum. a'-d’) Corresponding cortical area at 5-11
weeks indicates this site shows early and progressive inclusion formation
(Striatum: F38=13.28, p<0.01, Cortex: F38=25.42, p<0.001) with more inclusions
in the cortex than striatum (Region: F1, 16=34.69, p<0.0001, Age: F3, 16=37.89,
p<0.0001). mHTT inclusion bodies stained with EM48 (green). Striatal tissue
marked with DARPP-32 (red) and nuclei of all cells stained with TOPRO3 (blue).
All images taken from coronal slices at 10x magnification, striatal and cortical
images were taken from the same slice, quantified by IMARIS software, and
analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test or 2-
way ANOVA followed by Sidak’s multiple comparison test. Representative images
shown. Scale bar 100 pm. *P<0.05, **P<0.01, ***P<0.001, values represent means
+ SEM. n=3 for all time points.
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Figure 1.4. Detection of mHTTex1p in striatum of R6/2 mice. A) Striatal time-
course samples were fractionated into Soluble and Insoluble proteins. Insoluble
fraction reveals an increase in a HMW species of mHTTex1p throughout disease
progression (F3s=4.274, p<0.05). Soluble fraction shows an inverse, significantly
decreased monomeric form of mHTTex1p throughout disease progression
(F38=15.51, p<0.01). Insoluble aggregates detected by filter retardation assay
may show a slight increase throughout disease progression#. Striatal tissue
samples broken in B) T-PER (Monomer: F38=5.85, p<0.05, HMW: F38=12.12,
p<0.01) and C) RIPA (Monomer: F38=25.44, p<0.001, HMW: F38=4.06, p>0.05)
reagents show a significant reduction of monomeric mHTex1pT throughout
disease progression. Fluctuations in soluble, monomeric mHTTex1p correspond
to varying CAG repeats in R6/2 mice. Western blots quantified by mean pixel
value. Soluble fraction normalized to actin and analyzed by 1-way ANOVA
followed by Tukey’s multiple comparison test. *P<0.05, **P<0.01, values
represent means + SEM. n=3 for all time points. HTT antibody MAB5492 used to
detect mHTTex1p. Panel (A) has been modified with permission [Grima et al.
2017]. *Reprinted from Grima et al., 2017 with permission from Elsevier.

58



STRIATUM - PAGE

5wks 7 wks 9 wks 11 wks HMW mHTT monomeric mHTT
$8 28,5
CAC o muecrwoooowm 8§ a5
repeats ST I 2 VI T &g -
HMWmHTT 1 W% o e E2 LE:
S E T £ 0.5
' ' EZ EZ
- - - = H
MHTT =g - SE 3 iq 00
actin - R
$z“’ q\aﬁ ‘S\QP @é"
STRIATUM - AGE
5 wks 7 wks 9 wks 11 wks oligomeric mHTT
CAG £ 150 o
888 8E5 8EBE 83§ Eg
repeats <+ hak Lokl =< o cC
& 5100
B
Oligomeric 23 50
mHTT ‘ 2= ,
oce - FEI:
o & ¢
C CORTEX - PAGE
5wks 7 wks 9 wks 11 wks HMW mHTT monomeric mHTT
2 g rT— 2810
CAG 1D O 100 = i © I © © 8 G5
repeats © © SN 2 NN NN gg & g o8
? R 4 ] 3 06
HMW mHTT Q—=°:= - L §§ 0.4
T E TE
HIT g dee= e E€ Eg 02
m et T 22 00

aCHN - v - - ww w

D CORTEX - AGE

5wks 7 wks 9 wks 11 wks oligomeric mHTT

e (el

=

Abundance
-]

Relative Protein
n

Figure 1.5. Detection of mHTTex1p is highly variable using TRIzol
reagent. A) Striatal and C) Cortical protein samples recovered from TRIzol
preparations show highly variable detection of both soluble monomeric and
soluble HMW mHTTex1p as analyzed by PAGE and western blot. AGE analysis
of B) Striatal and samples show a significant change in oligomer levels
(F3,8=16.02, p<0.001) while D) Cortical samples do not (F38=0.95, p>0.05).
Western blots quantified by mean pixel value and normalized to actin. AGE
blots were quantified by mean pixel value. Data analyzed by 1-way ANOVA
followed by Tukey’s multiple comparison test. *P<0.05, **P<0.01, values
represent means * SEM. n=3 for all time points. HTT antibody MAB5492 used
to detect mHTTex1p.
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Figure 1.6. Detection of mHTTex1p in cortex of R6/2 mice. A) Cortical
time-course samples were fractionated into Soluble and Insoluble proteins.
Insoluble fraction reveals a significant increase in a HMW species of mHTT
throughout disease progression (F3,8=9.88, p<0.01). Soluble fraction shows
an inverse, significantly decreased monomeric form of mHTTexl1p
throughout disease progression (F38=8.78, p<0.01). Insoluble aggregates
detected by filter retardation assay show no apparent change. Cortical
tissue samples broken in B) T-PER (Monomer: F35=10.91, p<0.01, HMW:
F38=8.42, p<0.01) and C) RIPA (Monomer: F3g=7.21, p<0.05, HMW:
F38=10.85, p<0.01) reagents show a significant reduction of monomeric
mHTTex1p throughout disease progression accompanied by a significant
increase in HMW mHTTex1p detected in the soluble fraction. Fluctuations
in soluble, monomeric mHTTex1p correspond to varying CAG repeats in
R6/2 mice. Western blots quantified by mean pixel value. Soluble fraction
normalized to actin and analyzed by 1-way ANOVA followed by Tukey’s
multiple comparison test. *P<0.05, **P<0.01, values represent means *
SEM. n=3 for all time points. HTT antibody MAB5492 used to detect
mHTTex1p.
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Figure 1.7. Detection of mHTTex1p in hippocampus and cerebellum of R6/2 mice
varies depending on break method. Insoluble fraction in A) hippocampus reveals a
significant increase in a HMW species of mHTTex1p throughout disease progression
(F38=21.05, p<0.001). Soluble fraction shows an inverse, significantly decreased
monomeric form of mHTTexlp throughout disease progression (F3s=142.2,
p<0.0001). B) T-PER processed hippocampal tissue samples did not show decrease in
soluble monomeric mHTTex1p (F3,8=0.13, p>0.05) or HMW accumulated mHTTex1p
(F3,8=5.41, p<0.05). Insoluble fraction in C) cerebellum reveals a significant increase in
HMW species of mHTTex1p throughout disease progression (F38=29.11, p<0.0001).
Soluble fraction did not detect a significant decreased monomeric form of mHTTex1p
(Fs8=2.51, p>0.05). However, soluble monomeric mHTTex1p decrease was detected in
D) T-PER processed cerebellar tissue samples (HMW: F38=6.32, p<0.05, Monomer:
F38=4.25, p<0.05). Fluctuations in soluble, monomeric mHTTex1p correspond to
varying CAG repeats in R6/2 mice. Western blots quantified by mean pixel value.
Soluble fraction normalized to actin and analyzed by 1-way ANOVA followed by
Tukey’s multiple comparison test. *P<0.05, **P<0.01, values represent means + SEM.
n=3 for all time points. HTT antibody MAB5492 used to detect mHTTex1p.
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Figure 1.8. Detection of mHTTex1lp in peripheral tissue varies
depending on break method. A) Insoluble HMW mHTTex1p increases
significantly throughout disease progression in Liver (F38=83.34, p<0.0001)
but Soluble, monomeric mHTTex1p is not detectable. B) Liver tissue broken
in T-PER resolves soluble monomer revealing no change in detectable
protein abundance (F3s=2.95, p>0.05) while HMW mHTTex1p showed a
significant increase (F38=12.79, p<0.01). C) Skeletal muscle also reveals a
significant increase in insoluble HMW mHTTex1p (F3s8=7.53, p<0.05).
Soluble monomer is not detected in either Soluble/Insoluble fractionated
samples. Western blots quantified by mean pixel value. Soluble fraction
normalized to actin (liver) or GAPDH (Skeletal Muscle) and analyzed by 1-
way ANOVA followed by Tukey’s multiple comparison test. *P<0.05,
**P<0.01, values represent means + SEM. n=3 for all time points. HTT
antibody MAB5492 used to detect mHTTex1p.
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Figure 1.9. Detection of mHTTex1p on AGE gels varies based by break method.
A) Striatal tissue samples broken in indicated buffers and analyzed by Agarose Gel
Electrophoresis (AGE). R6/2 mice show an increase in oligomeric mHTTex1p
through week 9 followed by a significant decrease by week 11 in RIPA broken
samples (F38=27.21, p<0.001). Increased, disease-endpoint mHTTex1p detected in
Insoluble (F3,8=27.31, p<0.001), Soluble (F3,8=7.30, p<0.05), and T-PER (F38=24.70,
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decrease in week 9 before increased again by week 11. B) Cortical samples broken
in RIPA buffer (F38=19.56, p<0.001), Insoluble (F38=29.95, p<0.001) and Soluble
fractionation (F38=2.291, p>0.05), and T-PER buffer (F38=109.3, p<0.0001) show
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Table 1.1 Break methods optimized for detection of specific mHTT species.

Break Method Optimized Optimized Assay Reference
detection/rationale
Soluble/Insoluble Soluble monomeric mHTT  SDS-PAGE [22, 23, 25, 40]
fractionation Insoluble HMW, Filter retardation
accumulated mHTT
RIPA whole cell Soluble, Oligomeric mHTT  AGE [19-21]
break
T-PER whole cell ~ Aggregated protein species, SDS-PAGE [41]
break commercially available and
common reagent
TRIZOL Allows for analysis of RNA, SDS-PAGE n/a
DNA, and protein
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Table 1.2. CAG repeats from genomic tail DNA comparable to counts obtained from
striatal cDNA from the same animal showing lack of somatic expansion in these
animals. cDNA generated from RNA harvested from striatum. CAG repeat sizing of cDNA
was performed by Laragen.

Animal Age (weeks) (CAG)n Genomic (CAG)n cDNA
DNA (Tail) (Striatum)
1 5 125 125
2 5 129 129
3 5 123 123
4 7 128 128
5 7 131 131
6 7 131 130
7 9 126 126
8 9 126 126
9 9 126 126
10 11 129 129
11 11 126 127
12 11 128 127
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Table 1.3. Summary heat map of mHTTex1p detected using various break methods and assays at
5,7, 9, and 11 weeks of age. Representative gradient for each assay based on ease of detection for
general comparison. Cannot quantify between assay methods for relative protein abundance.

Break method and Striatum Cortex Hippocampus Cerebellum
assay
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CHAPTER 2

G3BP1-positive stress granule pathology in Huntington'’s disease

SUMMARY OF CHAPTER 2

Stress granules (SGs) are membraneless organelles that form in response to cellular stress.
Chronic cellular stress associated with neurodegenerative disease results in the persistence
of SG structures. Chronic expression of mutant huntingtin generates various forms of
cellular stress, including activation of the unfolded protein response and oxidative stress.
However, it has yet to be determined whether SGs are a feature of Huntington’s disease
(HD) neuropathology. We investigated localization and levels of the SG nucleating protein
G3BP1 and found a significant increase in the density of G3BP1-positive SGs in the cortex
and hippocampus of R6/2 transgenic mice, as well as in the superior frontal cortex of HD
patient brains. We also examined the miRNA composition of extracellular vesicles (EVs)
present in the cerebrospinal fluid (CSF) of HD patients and show that a subset of their
target mRNAs is differentially expressed in the prefrontal cortex of HD patients. Of these
targets, there is an enrichment of SG components, including G3BP1. These findings suggest
that SG dynamics might play a role in the pathophysiology of HD. We propose a potential
role for CSF EV miRNAs in the regulation of SGs and identify specific miRNAs that can be

employed to modulate G3BP1-positive SGs.
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INTRODUCTION

Huntington’s disease (HD) is a progressive, inherited neurodegenerative disease caused by
an expanded CAG repeat in exon 1 of the huntingtin (HTT) gene (The Huntington’s Disease
Collaborative Research Group), encoding an expanded polyglutamine repeat tract within
the HTT protein. The gene is ubiquitously expressed throughout the body and brain (Li et
al, 1993; Strong et al, 1993). Although HD is characterized by pathology that most
prominently affects neurons of the striatum, human autopsy studies show that other brain
areas are also impacted, raising the question of whether intercellular and intertissue

communication could in part contribute to the spread of pathogenesis.

The expression of mutant HTT gives rise to a number of cellular stress responses, including
oxidative and endoplasmic reticulum (ER) stress, potentially as a neuroprotective strategy
against cellular toxicity (Fulda et al, 2010; Duennwald et al., 2015; Browne et al., 1999;
Shacham et al., 2019). Multiple cellular stress responses converge on key translation
factors and interfere with general protein synthesis to optimize cell survival and stress
recovery (Liu et al.,, 2014). One of these translation factors, elF2A4, is inactivated in HD due
to ER stress and this alteration is proposed to play an important role in striatal cell death
(Leitman et al., 2014). Overall, these studies hint at a direct connection between the
regulated expression of translation factors, but any evidence of how these are regulated is

far from understood.

A myriad of stress signals are known to induce stress granule (SGs) formation. SGs are
assemblies of protein and RNAs that form in the cytoplasm in response to stressors such as

hypoxia, heat-shock, and sodium arsenite, which all inhibit translation initiation (Arimoto
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et al., 2008). Their elimination, in turn, depends on ATP-driven disaggregases, such as
Hsp40 and Hsp70, and granulophagy through the ATP-dependent VCP-autophagy pathway
(Kedersha et al, 2005; Buchan et al, 2013). Pathologic SG accumulation has been
implicated in several neurodegenerative diseases (Li et al, 2013; Wolozin and Ivanov,
2019; Baradaran-Heravi et al.,, 2020; Chew et al, 2019). However, although in vitro
experiments using fragments of the HTT protein suggest that expanded HTT interacts with
SG-associated proteins and is redistributed to SGs under ER-stress conditions (Ratovitski et
al, 2012), it has not been demonstrated for HD in vivo. Interestingly, the SG component
TIA1 Cytotoxic Granule Associated RNA Binding Protein (TIA1) can be sequestered by HTT
aggregates in vitro and in the R6/2 mouse model of HD (Furukawa et al., 2009). In
addition, bioinformatic studies determined that the expression of 395 out of 464 putative
SG related components are altered in HD (Nunes et al.,, 2019); of these 395 components,
195 are induced and 200 are repressed in HD patient brain. These findings support the

need for further investigations into potentially pathologic SG dynamics in HD.

HD is characterized by a progressive spreading of neuropathology (Rub et al., 2016), and
recent findings suggest that the ‘spreading effect’ that is characteristic of many
neurodegenerative disorders might be mediated by extracellular vesicles (EVs) (Scott et al.,
2017; Raposo et al., 2013). EVs that contain RNA, protein and lipids are one potential
mediator given that multiple studies demonstrate that EVs can transfer their contents to
other cells and mediate intra- and inter-cellular signaling (Bang et al., 2012; Mathieu et al,,
2019). EVs containing pathogenic cargo could facilitate the spread of pathology between
brain regions (Scott et al., 2017); modulators of SG dynamics would be among the possible
candidates for facilitating such spread. One type of EV are exosomes, 40-150 nm vesicles of
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multivesicular body (MVB) origin secreted by several cell types, including neural cells
(Harding et al., 2013; Pan et al., 1985; Simons et al., 2009; Thery et al., 2009), that can be
isolated from various biofluids including the cerebrospinal fluid (CSF) (Soares Martins et
al, 2018). Due to the lack of consensus on specific exosome markers and the
recommendations put forth by the International Society of Extracellular Vesicles (Thery et
al., 2018), we will use the generic term “EV” in place of all cell-secreted nanovesicles

mentioned in this study.

The composition of EVs is highly regulated. Comparisons between in cellulo RNA content
and EV RNAs demonstrate selective enrichment of specific EV RNA (Ratajczak et al., 2006;
Nolte-‘t Hoen et al., 2012), suggesting regulation of RNA loading into EVs (Janas et al,, 2015;
Shurtleff et al., 2016; Villarroya-Beltri et al., 2013). One class of RNA enriched in EVs are
microRNAs, small RNA molecules (~22 nucleotides) that regulate post-transcriptional gene
expression by acting as guide molecules to promote the degradation or translational
repression of their target mRNAs. The human genome encodes ~2000 miRNAs and it is
predicted that they collectively regulate one third of the genes in the genome (Hammond et
al, 2015). Thus, miRNA dysregulation is likely to have a significant effect on gene
expression networks. Furthermore, in vitro and in vivo studies have revealed that
environmental stressors, including heat shock and hypoxia, can modify the miRNA
composition of EVs (Beninson et al.,, 2014). Similarly, it is plausible that disease-mediated
cellular stress, such as that caused in neurodegenerative disease, can modify the miRNA

composition of CSF EVs.
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Cell-to-cell shuttling of miRNAs via EVs is a critical mediator of transcriptional regulation in
recipient cells (Scott et al.,, 2017; Zhang et al., 2015). There is evidence that selected groups
of miRNAs are altered in HD cells and tissues (Hoss et al., 2014; Hoss et al,, 2015; Johnson
et al, 2008; Lee et al, 2011; Kocerha et al, 2014), which suggests that miRNA
dysregulation might be involved in gene expression changes detected in the HD brain, and
in turn affect cellular function. A recent study identified an EV miRNA secreted from the
choroid plexus, a tissue located in the ventricles which produces the majority of the CSF,
that regulates adult neurogenesis at the subependymal zone by repressing translation of
neural fate determinants (Lepko et al., 2019). Thus, it is possible that EV miRNAs secreted
into the CSF of HD patients could be taken up by brain tissues situated near the ventricular
zone and regulate the translation of selected proteins, thereby playing a role in the
propagation of pathology in the brains of HD patients. However, characterizing the
interplay between the molecular features of HD pathology and their regulation is still a

major challenge in the field.

To initiate investigations into the relationship between mutant HTT-mediated cellular
stress and the miRNA composition of CSF EVs, we first evaluated R6/2 mouse and human
HD postmortem brain tissue for altered SG dynamics and found that there is a significant
SG density increase in the superior frontal cortex of both R6/2 and human brain. This
increase was particularly noted in pyramidal neurons of the superior frontal cortex, and a
similar pattern of immunoreactivity was detected in the human parietal cortex and
hippocampus. To examine whether miRNAs secreted into the CSF may have a connection to
the observed pathology, we isolated EVs from HD and control CSF to assess changes in
packaged miRNAs. 81 miRNAs were dysregulated and were evaluated for functional
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enrichment through mRNA targets. Among these are SG components, including the Ras
GTPase-activating protein-binding protein 1 (G3BP1), a critical effector of SG assembly
(Tourriere et al., 2003) and central node of the core SG network (Yang et al., 2020) in
elF2A-mediated mechanisms of SG formation. We then tested the hypothesis that miRNAs
could modulate the protein expression and SG nucleating function of G3BP1 in cells treated
with sodium arsenite, a SG inducer, and find that a set of miRNAs do indeed modulate
G3BP1-positive SG density. These data suggest that increased SG density is a component of
the brain’s response to chronic mutant HTT expression and that miRNAs secreted within

EVs from human CSF have the capacity to modulate G3BP1-mediated SG nucleation.

RESULTS

Increased G3BP1 SG density and immunoreactivity in the R6/2 mouse cortex and
hippocampus

Based on the notion that HD induces a form of chronic stress and that SGs have been
detected in other neurodegenerative diseases using established SG markers (Wolozin and
Ivanov, 2019; Vanderweyde et al., 2012; Zhang et al., 2018), we investigated whether SGs
are present as a consequence of chronic mutant HTT expression using the critical SG
marker G3BP1 — the molecular switch that triggers SG formation (Yang et al,, 2020). We
evaluated whether SG formation could be detected in the R6/2 mouse brain, which express
a transgene encoding human amino terminal exonl and have a rapidly progressing
phenotype (Mangiarini et al., 1996). Localization and intensity of the G3BP1 protein and SG
density were evaluated by immunofluorescence and confocal microscopy. A statistically

significant increase in G3BP1 immunoreactivity and SG density was detected in the cortex
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(p=0.021 and 0.001, respectively; Student’s t-test), and of SG density in region CA1 of the
hippocampus (p=0.028) (Figures 2.1 and 2.2). We did not detect any significant
differences in G3BP1 staining or SG density in the striatum at the 12 or 8-week time points

(Figure 2.3).

Because HTT aggregation has been implicated in the fibrillation of the SG marker TIA1 in
R6/2 hippocampus (Furukawa et al., 2009; Gilks et al., 2004), we assessed the potential
colocalization of G3BP1-positive SGs with HTT at 12 weeks. We first tested the EM48
antibody, which recognizes HTT inclusions (Gutekunst et al., 1999), but did not detect
G3BP1 colocalization with EM48-positive nuclear inclusions (Figure 2.4, A). However, we
detected modest degrees of fluorophore colocalization between G3BP1 and HTT with
3B5H10 (which recognizes monomeric and small oligomeric polyQ species of mutant HTT
(Miller et al.,, 2011)), 5490 (which recognizes wild type and mutant HTT (Lunkes et al,,
2002)), and the polyQ antibody 1C2 (which preferentially binds expanded polyQs (Trottier
et al,, 1995; Klein et al., 2013) (Figure 2.4, A-C). To confirm that the observed increase in
G3BP1 immunoreactivity in R6/2 cortex and hippocampus is not due to a nonspecific
increase in antibody binding due to the tissue preparation and fixation methods, we
investigated the immunoreactivity of the RNA binding protein hnRNPA2/B1 (Geuens et al,,
2016) based on our observations that its immunoreactivity is decreased in the R6/2
hippocampus  (Figure 2.5). Unlike G3BP1 immunoreactivityy, hnRNPA2/B1
immunoreactivity is not higher in the R6/2 brain, suggesting that the observed increase in
G3BP1 immunoreactivity is not due to nonspecific antibody binding. Lastly, because it has
been suggested that G3BP2, a G3BP1 homolog expressed in mouse brain, to also contribute
to the formation of SGs (Cirillo et al.,, 2020; Matsuki et al., 2013), we evaluated whether
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G3BP2 is involved in SG pathology in the R6/2 brain. Using the same analyses, we did not
detect G3BP2-positive granular structures in R6/2 or non-transgenic brains (Figure 2.6),
suggesting that G3BP1 and G3BP2Z might not be functionally redundant in in vivo SG
formation. Overall, these results point toward stress induced G3BP1-SG formation in R6/2

HD mouse cortex and hippocampus and a potential association with HTT.

Increased G3BP1 SG density in the superior frontal cortex of Huntington’s disease
patients

We next set out to determine whether we could also observe this cortical G3BP1 SG
phenotype in human HD patient brain tissue. While HD neurodegeneration has been
described primarily in the striatum, neuronal loss has also been detected in other areas,
including pyramidal projection neurons of the cortex (Cudkowicz et al, 1990).
Topologically selective cortical changes are thought to explain some of the clinical
heterogeneity among patients (Rosas et al., 2008; Nana et al., 2014; Mehrabi et al,, 2016),
with the superior frontal and parietal cortices exhibiting the highest overall cortical loss
(Nana et al., 2014), suggesting that these regions might be especially vulnerable to mutant
HTT-mediated cellular stress. Based on this, we investigated SG pathology in the superior
frontal and parietal cortices, as well as hippocampus, based on pyramidal neurons being
one of the principal cell types of this region and that memory dysfunction is a clinical

feature of HD (Montoya et al., 2006).

First, we examined the superior frontal and parietal cortices, and the hippocampus of 2 HD
(pathological grade 2, which designates initial gross striatal atrophy (Vonsattel et al,,
1985)) and 2 control postmortem brains (Table 2.1). We observed high G3BP1
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immunoreactivity in the HD patient brains (Figures 2.7-2.10), particularly in the superior
frontal cortex, where overall neuronal loss is also highest (Nana et al, 2014). To
quantitatively assess whether HD tissues have increased SG density, we repeated the
G3BP1 SG analysis performed in the R6/2 mice in 6 HD (pathological grade 3) and 6 control
superior frontal cortex postmortem samples (Table 2.1). We found a statistically
significant G3BP1 SG density increase in the superior frontal cortex of HD brains compared
to controls (p=0.008, Student’s t-test), suggesting that this brain region is particularly
reactive to cellular stress in HD (Figure 2.11, A, B and 2.12-2.17). Because SGs are
compositionally diverse and their components depend on the type of stress the cell is
exposed to (Panas et al., 2016), we investigated the colocalization of G3BP1-positive SGs
with another SG marker. We found that some G3BP1 SGs colocalize with the translation
initiation factor and SG marker elF3H (Figure 2.11, C and 2.18), which colocalizes with
poly(GR) dipeptide repeat protein in the brains of c9FTD/ALS patients (Zhang et al., 2018).
This colocalization is not present in all cases, potentially suggesting that each of these
markers represents a different SG subtype under mutant HTT-mediated cellular stress, and

that in vivo SGs may assemble via more than just one mechanism.

As mentioned above, pyramidal cell loss is detected in various cortical regions in human
HD, including the superior frontal cortex (Nana et al., 2014), the region where we observe a
significant increase in G3BP1 SG density. It has been proposed that pyramidal neurons
residing in the deep layers of the cortex, which project directly to the striatum, are
selectively vulnerable to mutant HTT-mediated toxicity (Sieradzan et al, 2001). While
G3BP1 appears to be widely expressed throughout the HD brain, a subgroup of cells
demonstrates higher G3BP1 immunoreactivity. These cells have pyramid-shaped cell
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bodies, are immunoreactive for the pyramidal neuron marker Ca2+/calmodulin-dependent
protein kinase 2 (CaMK2) and are primarily located in the cortical ribbon of the cortex and
areas CA1/CA2/CA3 of the hippocampus (Figure 2.19). These findings suggest that

pyramidal neurons might be especially vulnerable to cellular stress in HD.

Characterization of HD and control CSF extracellular vesicles

In vitro and in vivo experiments have demonstrated that various forms of cellular stress can
modify the miRNA composition of EVs (Beninson et al., 2014). Because EV-packaged
miRNAs distributed via the CSF can have important implications by altering gene
expression (Scott et al., 2017) and have potential to serve as biomarkers (Kanninen et al,,
2016), we next investigated the CSF EV miRNA profile of HD patients and their potential
connection to SG pathology. miRNA dysregulation has been described in the prefrontal
cortex of HD patients (Hoss et al., 2015), and out of 75 differentially expressed miRNAs, 35
are predicted to target G3BP1 (Table 2.2). From those 35 miRNAs predicted to target
G3BP1, 22 are upregulated in HD, suggesting a potential compensatory mechanism in
response to pathologic SG formation. While miRNAs are synthesized within the cell, they
can also originate from EV-mediated intercellular communication via biofluids such as the
CSF (Lepko et al.,, 2019). Once released from the donor cell, EV miRNAs can manipulate
gene expression in recipient cells of neighboring tissues via post-transcriptional repression
(Lepko et al., 2019; Thomou et al., 2017). Due to the high stability of EVs in biofluids (Sanz-
Rubio et al,, 2018; Ge et al,, 2014), and the fact that CSF is in direct contact with the
extracellular space and reflects the biological changes occurring in the brain, CSF EV

miRNAs are being investigated in the context of various neurodegenerative diseases (Gui et
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al., 2015; Wang et al., 2020; Riancho et al., 2017). Based on this rationale, we investigated
whether differential miRNA packaging into CSF EVs occurs and whether these patterns
might be consistent with transcriptional dysregulation that is observed in the human HD

prefrontal cortex (Labadorf et al., 2015).

To investigate differential packaging of miRNAs into EVs in the CSF of HD patients
compared to unaffected individuals, EVs were isolated by membrane affinity column
centrifugation from 10 HD patient and 10 control CSF samples and RNA contents extracted
for miRNA sequencing. CSF samples were acquired by lumbar puncture as described in the
Methods section, and patient demographic characteristics are summarized in Figure 2.20,
A. Given that the profile of CSF miRNAs varies between vesicular and non-vesicular
fractions, and that the distribution of their mode of transport can differ between normal
and pathological conditions (Kopkova et al, 2018; Yagi et al., 2017), we employed a
membrane affinity-based approach to isolate miRNAs from CSF EVs which ensures that
non-vesicular CSF miRNAs are washed out prior to final elution. To characterize the size
distribution of the EV fractions collected, we performed Fluorescent Nanoparticle Tracking
Analysis (F-NTA) on a subset of 5 HD and control CSF samples. This NTA method prevents
the inclusion of protein aggregates, membrane fragments, and background particles
present in heterogenous biofluid samples. Each sample was measured in triplicate, and
videos of data collection were analyzed to give the mean, mode, and estimated
concentration for each particle size (Figure 2.21). Because EV subtypes are generally
characterized by size, and the CSF is likely to contain a heterogeneous mixture of EVs, we
analyzed EV particle concentration by EV size increments of 25 nm. We did not detect a
significant difference in concentration of any EV size subtype between the HD and control
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CSF samples (Figure 2.20, B). Similarly, we did not detect a significant difference in mode

diameter size, or overall particle concentration (Figure 2.20, C, D).

Cerebrospinal fluid extracellular vesicles from Huntington’s disease patients contain
miRNAs that target SG-associated genes

During the miRNA Library Kit construction process, each individual miRNA molecule was
tagged with a Unique Molecular Index (UMI). Following sequencing and trimming, reads
were analyzed for the presence of UMIs and an average of ~10 million reads were
generated per mapped sample. Differential expression analysis of the HD versus control
samples was carried out using DESeq2. We did not detect any statistically significant
differences after correcting for multiple comparisons using the Benjamini-Hochberg
method. A subsequent sample size analysis (Hart et al,, 2013) was carried out using a
coefficient of variation estimated from this DESeq2 differential expression analysis which
suggested that 143 samples per group would be needed to observe significant differences
of about a 2-fold change in expression. This calculation suggested a limitation in the ability
to identify statistically significant expression changes; however, we sought to investigate
the potential functional relevance of the CSF EV miRNAs detected in our studies by
overlapping the predicted gene targets of the miRNAs detected in CSF EVs with a publicly
available dataset of genes that are differentially expressed (DEGs) in the prefrontal cortex
of HD patients (Labadorf et al., 2015), a brain region proximal to the CSF and thus has the
potential to serve as the recipient of CSF EV cargo. Our reasoning here is that miRNAs in the

CSF may be coming from many different cell types and thus some miRNAs could be very
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highly expressed in locally released EVs, to impart biology in close-proximity target cells,

all the while being undetectable from bulk CSF isolation.

Previous studies have integrated miRNA and mRNA expression profiles to better
understand miRNA-mRNA interactions in specific biological contexts (van Iterson et al,,
2013; Nuzziello et al, 2019). Similarly, using the results from the DESeq2 differential
expression analysis of CSF EV miRNAs, we generated a list of 22 differential miRNAs (Table
2.3) with a p-value <0.05 before correcting for multiple comparisons, and another list of 59
miRNAs (Table 2.4) with log2FC values larger than a magnitude of 2 (81 miRNAs total)
(Figure 2.22, A). We next performed a target analysis on the 81 miRNAs and generated a
list of predicted mRNA targets. The list of mRNA targets was then overlapped with a
dataset of DEGs from the prefrontal cortex of HD patients (Labadorf et al., 2015), and the
number of targets ranged from 72-2,509 DEGs for each miRNA. Since the expression level
of a miRNA is negatively correlated to the expression level of its target gene, we filtered out
miRNAs whose fold changes were not the inverse of their target genes 50% or more of the
time. This resulted in a list of 41 miRNAs that target DEGs in the HD prefrontal cortex, and
whose differential expression in HD CSF EVs is negatively correlated to at least 50% of
their prefrontal cortex DEG targets (Table 2.5, GO enrichment analysis of predicted gene

targets in Table 2.6).

Using this filtering approach, we evaluated whether SG-related genes were targets of these
miRNAs detected in CSF EVs. In the context of SG component regulation, miRNAs may
either directly repress the translation of SG mRNAs, or indirectly induce the translation of

SG mRNAs by silencing upstream negative regulators of SG components. We asked whether
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SG genes are significantly enriched in the list of gene targets belonging to these 41 miRNAs,
and found that 120 of 4,689 CSF EV miRNA gene targets belong to the list of 464
mammalian SG genes (Nunes et al, 2019), which is significantly higher than what is
expected by chance (P<0.05 using the Fisher’s exact, hypergeometric test) (Figure 2.22, B).
G3BP1 was one of the SG genes that fit these criteria and is upregulated in the HD
prefrontal cortex, together with other SG genes include TIAL1, FUS, and various hnRNP
RNA binding proteins (Figure 2.22, C). Of note, one of the 41 miRNAs was miR-1322, which
has been previously identified as a potential prodromal biomarker for HD in CSF samples
containing both vesicular and extravesicular miRNAs (Reed et al., 2018). Of relevance to
HD, the majority of miR-1322 binding sites are located in their targets’ coding domain
sequences (CDS), many of which code for polyglutamine repeats, and include HTT
(Niyazova et al,, 2015). Overall, these results suggest that miRNAs packaged in vesicles may
serve as regulators of stress response genes and given the G3BP1 SG phenotype detected in
the HD brain, we investigated whether miRNA overexpression is sufficient for the inhibition

of G3BP1-positive SGs in vitro.

G3BP1 protein levels and G3BP1-positiveSG density are reduced in 293T cells with
the overexpression of miRNAs miR-6129, miR-4725-3p, miR-4700-5p, and miR-449

G3BP1 is a key SG nucleator, acting a as the molecular switch that triggers phase separation
during SG formation (Yang et al., 2020). We therefore tested whether G3BP1 expression is
modulated by miRNAs. We carried out these initial miRNA validation studies using human
immortalized 293T cells, which have high transfection efficiency and are commonly

employed to investigate SG dynamics in vitro. We hypothesized that the overexpression of
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specific miRNAs detected in CSF EVs of HD patients might modulate G3BP1 protein levels
and therefore could be regulators of SG assembly. To select the miRNAs to be used in the
overexpression studies, the filtered list of CSF EV miRNAs obtained from patient CSF were
ranked based on predicted strength of miRNA repression on G3BP1, or “G3BP1 seed
strength,” using TargetScan and miRmap (Vejnar et al,, 2012; Agarwal et al., 2015). We
created a composite list of ranked miRNAs with highest seed strength toward G3BP1
(Figure 2.23) and selected the following miRNAs to carry out transfection studies in vitro:
miR-6129, miR-4725-3p, miR-4700-5p, miR-449a, miR-605-3p, miR-4476, and miR-1322.
Three of these miRNAs were downregulated (miR-605-3p, miR-4476, and miR-1322), and
four of them upregulated (miR-6129, miR-4725-3p, miR-4700-5p, miR-449a), in HD CSF

EVs.

There is evidence that combinatorial miRNA overexpression can achieve greater specificity
and minimize off-target effects (Cursons et al., 2018; Bracken et al., 2016), therefore to test
the effect of these miRNAs on G3BP1 protein expression, we overexpressed locked nucleic
acid (LNA) miRNA mimics in 293T cells using a combinatorial approach. The three
downregulated miRNAs (miR-605-3p, miR-4476, and miR-1322) were labeled “Set 1,” and
the four upregulated miRNAs (miR-6129, miR-4725-3p, miR-4700-5p, miR-449a) were
labeled “Set 2.” Protein expression of G3BP1 was significantly reduced in cells treated with
the “Set 2” 4-miRNA cocktail (One-way ANOVA, Dunnett’s multiple comparison test,
p=0.0190), but not the “Set 1” 3-miRNA cocktail (One-way ANOVA, Dunnett’s multiple
comparison test, p=0.0550), when compared to cells transfected with a negative control
miRNA (Figure 2.24, A-C). It is possible that the “Set 1” miRNA cocktail treatment did not
result in a significant reduction of G3BP1 protein expression due to its 3 miRNAs having a
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lower combined G3BP1 seed strength compared to the “Set 2” miRNA cocktail consisting of
4 miRNAs (Figure 2.23, B). Another possibility worth considering is that the miRNAs in
“Set 2” have a lower amount of total targets, resulting in a higher miRNA:G3BP1 ratio and
thus higher repression of G3BP1. However, “Set 2” had 10,081 predicted targets and “Set 1”
had 9,371. As an additional control, we measured hnRNPA2/B1 protein expression, which
was not predicted to be a co-target of the miRNA cocktails based on seed strength scores.
Indeed, hnRNPA2/B1 protein expression did not change with miRNA treatment (Figure
2.24, B, D-F). Next, we investigated the functional relevance of the miRNA cocktails by

testing their effect on SG formation in vitro.

We hypothesized that treatment with the “Set 2” miRNA cocktail would result in lower SG
seed formation (Panas et al., 2016) and thus decrease SG density upon cellular stress
induction. SGs can be induced in mammalian cells as a result of sodium arsenite treatment,
a form of oxidative stress (Kedersha et al.,, 1999; Jain et al,, 2016). To test whether the
miRNA cocktail treatments have an effect on SG formation in vitro, we repeated the
transfection experiments in 293T cells, and subsequently subjected them to sodium
arsenite treatment to induce SGs. Stressed cells that were treated with the “Set 2” 4-miRNA
cocktail had a lower SG density compared to cells transfected with a negative control
miRNA (Figure 2.25 and 2.26, One-way ANOVA, Dunnett’'s multiple comparison test,
p=0.0362). Transfection of the “Set 1” 3-miRNA cocktail did not result in reduced SG
density (One-way ANOVA, Dunnett’s multiple comparison test, p=0.1248). These findings
suggest that miRNAs can modulate SG biology via the post-transcriptional regulation of SG
components and suggests their potential use as an investigative and therapeutic tool to
target SG pathology in neurodegenerative disease.
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DISCUSSION

Perturbations of SG dynamics have been implicated in neurodegenerative diseases such as
amyotrophic lateral sclerosis, frontotemporal dementia, and Alzheimer’s disease (Wolozin
and Ivanov, 2019; Chew et al,, 2019, Vanderweyde et al., 2012; Mackenzie et al., 2017; Chen
et al., 2017; Gopal et al., 2017), although the consequence of these changes is not yet clear.
Our study provides, for the first time, evidence for the presence of a G3BP1 SG phenotype
in the brains of the R6/2 mouse model and human HD, and the identification of miRNAs
that can modulate G3BP1 SG density. Our findings also show that EV miRNAs altered in the
CSF of HD patients are predicted to target mRNAs that are differentially expressed in the
HD prefrontal cortex, with SG genes being significantly overrepresented. The data suggest
that the dysregulation of CSF EV miRNAs likely acts as a compensatory mechanism to
modulate the recipient cell’s response to intrinsic cellular stress resulting from mutant HTT
expression by repressing G3BP1, as opposed to miRNA dysregulation in HD as a cause of

G3BP1 SG pathology.

The majority of our knowledge of SG biology is currently based on in vitro experiments
using a stress time course that is likely shorter than what an organism experiences in the
context of chronic diseases such as neurodegeneration. Under acute stress conditions, SGs
appear to provide a pro-survival benefit and are highly dynamic (Arimoto et al., 2008;
Arimoto-Matsuzaki et al,, 2016). Current hypotheses regarding mechanism include the
regulation of translation of a specific subgroup of mRNAs or activation of pro-survival
signaling pathways (Reineke et al., 2019). Efforts have been made to better understand SG
biology in the context of chronic stress in vitro by using prolonged nutrient starvation as a
stressor, suggesting that chronic stress SGs differ significantly from acute stress SGs by way
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of their contents, decreased exchange with cytoplasmic mRNP pools, and promotion of cell
death (Reineke et al., 2018). Interestingly, SG depletion in the context of chronic starvation
resulted in increased cell survival, corroborating other findings in fly and mouse models of
neurodegeneration (Kim et al, 2014; Radford et al, 2015; Zhang et al, 2018), and
providing a rationale for further investigating therapies to target SG pathology in

neurodegenerative disease.

SG assembly is promoted by RNA binding proteins that oligomerize in response to cellular
stress. One of these key proteins is G3BP1 (Kedersha et al, 2007), which is
dephosphorylated and oligomerizes as a response to cellular stress, resulting in the
nucleation of SGs (Tourriere et al., 2003). Recently, G3BP1 has been identified as a central
node of the protein-RNA interaction network that triggers RNA-dependent liquid-liquid
phase separation during SG formation under elF2A-mediated cellular stress (Yang et al,,
2020). Previous reports demonstrate that mutant HTT-mediated ER stress results in PERK
activation, leading to the phosphorylation of elF2A, and inhibition of general protein
synthesis (Leitman et al., 2014), all of which are involved in SG formation in vitro (Panas et
al,, 2016). This study found both total and phosphorylated elF2A levels to be higher in the
HD mouse cortex compared to striatum, perhaps explaining why we detected a significant
increase of G3BP1 SG density in the cortex but not striatum. That is, if the available elF2A
concentration is not large enough, the threshold for SG liquid-liquid phase separation
might not be reached. A limitation of this study is that we exclusively investigated G3BP1-
mediated SG pathology, and the question remains whether the density of other SG subtypes
is affected when G3BP1-positive SGs are repressed with miRNAs. Lastly, the miRNA
cocktails used to target G3BP1 were designed based on whether the miRNAs were
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upregulated or downregulated in HD CSF EVs, however the strength of target repression
could potentially be further optimized by grouping miRNAs in such a way that increases
the combined G3BP1 seed-strength. Employing this type of in vitro system will narrow
down miRNAs that are highly effective at modulating SG densities and will be used to
inform future patient-derived iPSC model and in vivo studies that focus on the impact of

SGs on disease progression.

One potential mechanism through which SGs might be detrimental in diseases where
proteostasis is impaired is if SG components, of which a majority are RNA binding proteins,
have the potential to cross-seed with protein aggregates via their low complexity domains
(Furukawa et al., 2009, Dobra et al., 2018), exacerbating proteotoxicity. Conversely, some
studies suggest that SGs might serve a more protective role in disease. For instance, more
G3BP SGs are present in neurons that do not accumulate tau aggregates (Vanderweyde et
al., 2012), suggesting that this SG subtype might provide a neuroprotective role in cases
where protein aggregates are cytotoxic. Another study found SG induction to be protective
in mouse cochlear sensory hair cells during aminoglycoside ototoxicity (Goncalves et al,,
2019), however one could argue that the stress time course utilized in these studies, 24
hours after systemic kanamycin/bumetanide treatment in C57BL/6 mice, is considered to
be acute compared to the time course of cellular stress resulting from neurodegeneration.
Testing of small molecule compounds that modulate SG accumulation (Fang et al., 2019),
miRNAs such as described here, and other approaches to target SG formation will be

informative in future studies to evaluate the consequence of altered SG dynamics in HD.
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Our finding that pyramidal neurons demonstrate high G3BP1 SG immunoreactivity, and
previous findings of pyramidal neuron loss in the cortex of HD patients (Nana et al., 2014),
poses the question of whether pyramidal neurons are especially vulnerable to mutant HTT-
mediated cellular stress. If SGs are serving a protective role at any point during HD
progression, this finding of high SG formation might also explain why neuron loss in the
cortex is not as profound as that which is detected in the striatum. Memory dysfunction is
an important feature in the early clinical presentation of HD (Josiassen et al, 1983). A
meta-analysis of multiple studies identified episodic memory impairments in HD (Montoya
et al.,, 2006), a type of memory that relies heavily on the hippocampus and prefrontal cortex
(Eichenbaum et al., 2017). Interestingly, the hippocampus and cortex are areas of the brain
with highest G3BP1 expression (Martin et al, 2013). In the hippocampus, high G3BP1
expression is detected in the cell bodies of the dentate granule cell layer and CA pyramidal
regions of hippocampal formation. Furthermore, G3bp1-knockout (KO) mice demonstrate
behavioral defects linked to the CNS as well as altered Ca2+ homeostasis in hippocampal
neurons, and behavioral studies suggest that G3BP1 plays a role in synaptic transmission
and plasticity in the hippocampus (Martin et al.,, 2013). It is tempting to speculate that SG
pathology in pyramidal neurons of the cortex and hippocampus could be associated with

the memory impairments presented by HD patients.

Our SG timepoint study observations in 8 and 12-week R6/2 mice suggest that G3BP1 SG
immunoreactivity progressively increases, becoming statistically significant sometime
between the 8 and 12-week timepoints. This has important implications for postmortem
brain studies, as many of the available control samples often originate from older
individuals. Therefore, both postmortem interval and age matching are important
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parameters to consider when selecting postmortem cases to study SG pathology in disease.
Based on our findings and the potential for HTT aggregates to participate in cross-seeding
with SG components, we speculate that the SG pathology in HD may result from an
accumulation of SGs that perhaps initially served a protective function, but develop into
hyper-stable structures due to chronic mutant HTT-mediated stress and compromised
autophagy (Buchan et al., 2013, Cortes et al., 2014). Specifically, HTT is essential for normal
selective autophagy in mice, and loss of wildtype HTT function may play a role in the
dysregulation of SG clearance by granulophagy — a type of selective autophagy (Ochaba et
al., 2014). Over time, chronic sequestration of SG components in pathogenic aggregate
structures may exacerbate protein toxicity in the cell, and cause cells to lose their ability to
form SGs in response to additional stress. Therefore, the therapeutic modulation of SGs in

models of neurodegenerations at various timepoints of disease progression will inform

It is also worth noting the reciprocal reactivity detected between G3BP1 and hnRNPA2/B1,
an RNA binding protein implicated in the sorting of specific miRNAs into EVs (Villarroya-
Beltri et al., 2013) and found in human CSF EVs (Tietje et al., 2014). While we did not detect
hnRNPA2/B1 localization with SGs or HTT in the context of HD (in vivo or in vitro), others
have reported that hnRNPA2/B1 transitions into an insoluble state with disease
progression in the R6/2 mouse model, potentially resulting in a loss-of-function (Hosp et
al, 2017). Thus, hnRNPA2/B1 mislocalization might be one of the mechanisms via which

miRNAs are differentially packaged in HD CSF EVs.

Lastly, because the EV miRNAs with strongest seed-strength for G3BP1 are upregulated in

the CSF of HD patients, we speculate that G3BP1 upregulation in the prefrontal cortex
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would be even greater in the absence of these miRNAs. This is corroborated by the fact that
of the 75 miRNAs differentially expressed in the HD prefrontal cortex (Hoss et al., 2015), 35
are predicted to target G3BP1, and 22 of those are upregulated in HD. In contrast, there is
no overlap between the prefrontal cortex and CSF EV differentially expressed miRNAs,
suggesting that both intrinsic and extrinsic miRNA-mediated repression of G3BP1 is at
play. Another potential mechanism to consider is based on findings that additional induced
stress on a transgenic mouse model of tauopathy resulted in deficient SG assembly
(Shelkovnikova et al.,, 2017), suggesting that chronically stressed cells lose their ability
form SGs and cope with additional stress. Therefore, future studies can investigate both the
therapeutic potential of targeting SG pathology and to determine whether increased SG
density in HD affects the ability of cells to deal with additional environmentally induced
stress, as this may elucidate mechanisms though which SG pathology contributes to

neurodegeneration.

EXPERIMENTAL PROCEDURES

R6/2 mice and tissue processing

Male R6/2 mice and NT littermates (Transgene non-carrier C57B16/CBA) were obtained
from Jackson Laboratories at 5 weeks and aged to 8 or 12 weeks for SG
immunofluorescence experiments. All mice were group housed on a 12/12-hr light/dark
schedule with as libitum access to food and water. Mice were euthanized by Euthasol
injection at 8 or 12 weeks, followed by transcardial perfusion with 1X PBS and 4% PFA, and

decapitation. The whole brain was dissected for immunofluorescence experiments and
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drop fixed in 4% PFA for one hour, then cryoprotected in 30% sucrose, frozen, and serially

sectioned into 40 um slices using a vibratome.

Postmortem human brain tissue

Brain tissue samples from human superior frontal cortex, parietal cortex, and hippocampal
formation were obtained from the New York Brain Bank at Columbia University (Vonsattel
et al., 2008). Additional superior frontal cortex samples used for SG density statistical
analysis were obtained from the Neurological Foundation of New Zealand Human Brain
Bank. Paraffin-embedded samples from healthy controls (N=8) and Huntington’s disease
(pathological grade 2 and 3) patients (N=8) were used for immunofluorescence

experiments. Patient demographic and clinical information is described in Table 2.1.

Free-floating immunofluorescence staining

Floating brain sections were washed in 3x5 minutes in 1X PBS and blocked for 1 hour at
room temperature with 5% Normal Donkey Serum in 0.3% Triton X-100. Sections were
incubated in primary antibody overnight at 40C in 5% Normal Donkey Serum (cat. #017-
000-121, Jackson Immuno Research Laboratories) in 0.3% Triton X-100. The following
primary antibodies were used (details in Table 2.7): G3BP1, G3BP2, hnRNPA2/B1, EM48
(reacts with the first 256 amino acids from human huntingtin), 1C2 (reacts with
homopolymeric glutamine stretches), 3B5H10 (reacts with human huntingtin N-terminal
fragment of 171 amino acids), 5490 (reacts with huntingtin protein amino acids 115-129).
Sections were then washed 3x5 minutes in 1X PBS, and incubated in secondary antibodies
for 1 hour at room temperature in 1X PBS. Secondary antibodies were used as follows:

Alexa Fluor 488 (1:400, cat. #A-21202, ThermoFisher), Alexa Fluor 555 (1:400, cat. #A-
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31570, ThermoFisher). Sections were washed 3x5 minutes in 1X PBS and incubated in
DAPI for 10 minutes at room temperature. Sections were then washed 3x5 minutes in 1X

PBS. Mounting was performed using Fluoromount-G (cat. #00-4958-02).

Paraffin-embedded immunofluorescence staining

Tissue sections were deparaffinized, rehydrated, and treated with 10mM sodium citrate for
30 minutes at 95°C. Sections were washed 2x5 minutes in 1X PBS and blocked for 1 hour at
room temperature with 5% Normal Donkey Serum in 0.1% Triton X-100. Sections were
incubated in primary antibody overnight at 49C in 1% Normal Donkey Serum (cat. #017-
000-121, Jackson Immuno Research Laboratories) in 0.1% Triton X-100. The following
primary antibodies were used (details in Table 2.7): G3BP1, CaMK2, elF3H. Sections were
then washed 3x5 minutes in 1X PBS and incubated in secondary antibodies for 1 hour at
room temperature in 1X PBS. Secondary antibodies were used as follows: Alexa Fluor 488
(1:400, cat. #A-21202, ThermoFisher), Alexa Fluor 555 (1:400, cat. #A-31570,
ThermoFisher). Sections were washed 3x5 minutes in 1X PBS, treated with TrueBlack®
Lipofuscin Autofluorescence Quencher (cat. #23007, Biotium), washed 3x5 minutes in 1X
PBS, and incubated in DAPI for 10 minutes at room temperature. Sections were then
washed 3x5 minutes in 1X PBS, and cover slips were mounted using Fluoromount-G (cat.

#00-4958-02).

Microscopy
Confocal images were acquired with an Olympus FLUOVIEW FV 3000 microscope and
images were taken with 10X, 20X, 40X and 60X oil objectives. All brain scan images were

done using a ZEISS Axio Scan.Z1 imaging system.
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SG analysis

SGs were quantified using the Imaris Surface tool (Imaris Single Full software, BITPLANE).
G3BP1 and hnRNPA2/B1 immunoreactivity was quantified using an in-house script
(CellProfiler Cell Image Analysis software). Nuclei (DAPI stained) were counted using the
Imaris Spots tool and used for normalization of SG and G3BP1 immunoreactivity
quantitation. A previously described SG quantitation approach (Markmiller et al., 2018)

was also used for validation.

Study participants and CSF sample collection

CSF samples were obtained from HDClarity (ClinicalTrials.gov identifier: NCT02855476), a
multi-site cerebrospinal collection initiative to facilitate therapeutic development for
Huntington’s disease. CSF was collected in the morning after an overnight fast by lumbar
puncture, using a Whitacre 20G spinal needle. CSF was processed on ice within 15 minutes
of collection and cleared by centrifugation before storage in polypropylene cryotubes at -

800C.

EV RNA isolation, library preparation, and next generation sequencing

All experiments were conducted by QIAGEN Genomic Services. RNA was isolated from 4mL
CSF using the exoRNeasy Serum/Plasma Maxi Kit (cat. #77064, QIAGEN) according to the
manufacturer’s instructions. The library preparation was performed using the QIAseq
miRNA Library Kit (cat. #331505, QIAGEN). A total of 5ul total RNA was converted into
miRNA NGS libraries. Adapters containing UMIs were ligated to the RNA and RNA
converted to cDNA. The cDNA was amplified using PCR (22 cycles) and during the PCR

indices were added. After PCR the samples were purified, and library preparation QC was
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performed using either Bioanalyzer 2100 (Agilent). Based on quality of the inserts and the
concentration measurements, the libraries were pooled in equimolar ratios, quantified
using qPCR and sequenced on a NextSeq500 sequencing instrument. Raw data was de-
multiplexed and FASTQ files for each sample generated using the bcl2fastq software

(Ilumina inc.). FASTQ data were checked using the FastQC tool.

EV characterization by fluorescent nanoparticle tracking analysis

EVs were isolated from 600ul CSF using the exoEasy Maxi Kit (cat. #76064, Qiagen)
according to the manufacturer’s instructions. EVs were visualized and quantified using
ExoGlow-NTA fluorescent labeling kit on an LM10 NanoSight instrument (cat.
#EXONTA200A-1, SBI Systems Biosciences, Palo Alto, CA). Each sample was measured in
triplicate, and videos of data collection were analyzed to give the mean, mode, and

estimated concentration for each particle size.

Analysis of miRNA sequencing data

Reads containing ambiguous bases or with a mean quality score < 30 were removed from
analysis using Prinseq (Schmieder et al., 2011), and UMIs were identified and extracted
from the remaining reads using UMI-Tools (Smith et al., 2017). Reads were aligned to all
human mature miRNAs or pre-miRNAs from miRBase v22 (Kozomara et al., 2019) using
bowtie2 (Langmead et al., 2012) with "very sensitive" parameters and a seed length of 8bp
with no mismatches allowed in the seed (Tam et al., 2015). Primary mappings >= 16bp in
length were retained for further analysis. Mapped reads were deduplicated with UMI-Tools

(Smith et al., 2017) using the unique grouping method, considering each unique UMI an
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individual miRNA. Read counts for each miRNA were determined using samtools (Li et al,,

2009). High-throughput sequencing data will be deposited in GEO.

Enrichment analysis

The PANTHER Classification System (Mi et al., 2009) was used to generate GO terms that
are significantly overrepresented in the miRNA targets list versus the background of all
genes for all three GO aspects (biological process, molecular function, cellular components).
For the enrichment analysis of SG genes in the miRNA targets list versus the 464 SG genes
(Nunes et al,, 2019), a Fisher’s exact test was used to determine whether the number of
overlapping genes is significantly higher than what is expected by chance based on a

human genome larger than 21,000 genes.

miRNA target prediction and dataset overlap

An initial list of miRNAs was generated by pooling together miRNAs that were detected in
the miRNAs sequencing studies with P values <0.05 before correcting for multiple
comparisons, and miRNAs with log2FoldChanges >= 2 or <= -2, which were filtered based
on interquartile range of the counts. IQR was calculated from the counts in the HD and
control groups, and miRNAs were excluded if any count value was greater than Quantile3 +
3*IQR for either group. A list of predicted gene targets for the miRNAs that passed the
filtering process was generated using TargetScan (Agarwal et al, 2015). The list of
predicted gene targets for each miRNA was checked for overlap with a list of DEGs detected
in the prefrontal cortex of HD patients (Labadorf et al, 2015), and the number of
overlapping targets that had an opposite fold change sign to the miRNA fold change were

counted.
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Seed strength ranking and LNA miRNA mimics

Seed strength values for all filtered miRNAs were acquired with TargetScan and miRmap,
two different open-source software that combine multiple predictor features to predict the
strength of miRNA repression on targeted mRNAs, in this case G3BP1 mRNA (Vejnar et al,,
2012; Agarwal et al.,, 2015). miRNAs were ranked from strongest to weakest seed strength
values using each predictive model, a composite list was made, and 7 miRNAs with the
strongest seed strength values were selected for overexpression experiments. miRCURY

LNA miRNA Mimics (QIAGEN) were used as listed in Table 2.8.

293T cell transfection and SG induction experiments

293T cells were plated onto six-well plates at a density of 1.0x10¢ cells/well for LNA
miRNA mimic transfections. Transfection with HiPerFect (Qiagen cat. #301705) and
respective microRNA cocktails was done 6 hours after plating (10ul/well HiPerFect, 5nM
LNA cocktail working concentration). Complete media change was performed 24 hours
after transfection and passaging of cells 48 hours after transfection. Each condition
(negative control, set 1, set 2) was done in triplicates and plated onto 1X PDL coated (1hr)
Millicell EZ 4-well glass chamber slides (cat. #PEZGS0416) at a density of 3.0x105> cells per
well. For SG induction, cells were stressed with 250uM sodium arsenite (Sigma-Aldrich cat.
#1062771000) for 30 minutes at 37°C, followed by fixation with 4%PFA for 10 minutes.
For immunofluorescence staining, cells were permeabilized for 10 minutes with 0.5%
triton-X in 1X PBS, blocked with 5% normal donkey serum (cat. #017-000-121, Jackson
Immuno Research Laboratories), incubated overnight with a G3BP1 primary antibody
(Table 2.7), 2 hours secondary (1:400, cat. #A-21202, ThermoFisher), and coverslips were

mounted using Fluoromount-G (cat. #00-4958-02). For biochemistry experiments, cell
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pellets were sonicated with a buffer containing 10mM Tris (pH 7.4), 158 mM NacCl, 1mM
ethylenediaminetetraacetic acid (EDTA) (pH 8), 0.1% sodium dodecyl sulfate (SDS), 1%
Triton X-100, protease inhibitors (Pierce Protease Inhibitor Tablets, cat. #A32963,
ThermoFisher), and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 2, cat. #P5726;
Phosphatase Inhibitor Cocktail 3, cat. #P0044). Protein concentration was determined
using the Lowry protein assay. Invitrogen 4%-12% bis-tris mini gels were used for SDS-
PAGE, proteins were transferred toa PVDF membrane and nonspecific proteins were
blocked with 5% milk in TBS (Tris-buffered saline). The following primary antibodies were
used (details in Table 2.7): G3BP1, hnRNPA2/B1, alpha-tubulin. Blot was imaged with the

LI-COR Odyssey System.

Statistics

All mouse and human tissue immunofluorescence and SG quantitation data were analyzed
in GraphPad Prism software using a Student’s two-tailed t-test, assuming equal variance.
NTA data were analyzed in GraphPad Prism software using a Two-way ANOVA with
Boferroni’s multiple comparison test or a Student’s two-tailed t-test, assuming equal
variance. The overlap of CSF EV miRNA targets with mammalian SG genes was analyzed
using a Fisher’s exact test, based on a genome larger than 21,000 genes. Differential
expression for HD versus control miRNA sequencing samples was analyzed using the
DESeq2 package (Love et al, 2014) in R (R Development Core Team, 2010) with a
significance cutoff of p < 0.05. Sample size calculation for miRNA sequencing experiments
was done using an established statistical model to calculate sample size estimates for
RNA sequencing data (Hart et al.,, 2013), where given any 4 of Type I error, Type II
error/power, sequencing depth, coefficient of variation, and samples per group, the fifth
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can be calculated. All 293T cell immunofluorescence, western blot, and SG quantitation
data were analyzed in GraphPad Prism software using a One-way Anova with Dunnett’s
multiple comparison test, or Two-way ANOVA with Sidak’s multiple comparison test for SG
density comparisons among stressed and unstressed conditions. All data are represented

as mean +SEM with a p value of p<0.05 considered statistically significant.

Study approval
Mouse studies were carried out following the Guide for the Care and Use of Laboratory
Animals of the NIH and an approved animal research protocol by the Institutional Animal

Care and Use Committee (IACUC) at the University of California, Irvine.
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Figure 2.1. Increase of SG density in the 12-week R6/2 cortex and
hippocampus. A and D) Immunoreactivity of G3BP1 (green) is higher in the R6/2
cortex and hippocampus CA 1 region when compared to the non-transgenic
controls (regions of interest boxed in red). Band E) high magnification images of
cortical and hippocampal CA1 regions suggest that G3BP1 immunoreactivity
varies between neural cell subtypes. C) SG density and G3BP1 immunoreactivity
are significantly higher in the R6/2 cortex (Student's t-test, unpaired, two-tailed,
*=0.0014;**=0.0210); these were calculated using Imaris image analysis software
surface tool and CellProfiler, respectively, and normalized to the number of nuclei
per frame (DAPI in blue). F) The same analysis was used to analyze the CA1 region
of the hippocampus (boxed in red in D), which led to the detection of significantly
higher SG density in the R6/2 (Student's t-test, unpaired, two-tailed, ***=0.0285),
but not G3BP1 immunoreactivity. Analyses were done using four frames per
mouse brain (N= 3 R6/2; 4 NT). Scale bars: A=500um; B=10um; C=200um;
D=10um.
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Figure 2.2. SG density analyses in the R6/2 cortex at 8 and 12-week
timepoints. A) Representative images of the R6/2 cortex at 12 weeks
demonstrate an increase in G3BP1 immunoreactivity compared to the NT cortex.
Scale bar=20um. B) SG pathology was measured by G3BP1 immunoreactivity
intensity with CellProfiler, as well as G3BP1 granule density using the Imaris
surface tool (3-dimensional granule surface detection), and a previously
described CellProfiler protocol (2-dimensional granule detection; Markmiller et
al, 2018). G3BP1 immunoreactivity and SG density were significantly higher by all
measures in the R6/2 cortex at 12 weeks (Student’s t-test, unpaired, two-tailed,
*=0.0210;**=0.0014; ***=0.0259), but not at 8 weeks. Analyses were done using
four frames per mouse brain (N= 12 weeks: 3 R6/2, 4 NT; 8 weeks: 4 R6/2, 4 NT).
G3BP1 intensity and SG counts were normalized to the number of nuclei per
frame (DAPI). For the creation of this figure, the gamma setting for the green
channel was equally adjusted to 0.5 for all images. All analyses were carried out
with the original, unedited images.
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Figure 2.3. SG density analyses in the R6/2 striatum at 8 and 12-week
timepoints. A) Representative images of the R6/2 and NT striatum. Scale
bar=20um. B) SG pathology was assessed by measuring G3BP1
immunoreactivity intensity with CellProfiler, as well as G3BP1 granule density
using the Imaris surface tool (3-dimensional granule surface detection) and a
previously described CellProfiler protocol (2-dimensional granule detection;
Markmiller et al, 2018). No statistically significant differences were detected
between R6/2 and NT mice in regards to G3BP1 immunoreactivity or SG
density in the striatum, at either the 8- or 12-week timepoint. Analyses were
done using four frames per mouse brain (N= 12 weeks: 3 R6/2, 4 NT; 8 weeks:
4 R6/2, 4 NT). G3BP1 intensity and SG counts were normalized to the number
of nuclei per frame (DAPI). For the creation of this figure, the gamma setting for
the green channel was equally adjusted to 0.5 for all images. All analyses were
carried out with the original, unedited images.
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Figure 2.4. G3BP1 SGs do not co-localize with EM48-positive nuclear
inclusions in the 12-week R6/2 mouse cortex. A) Colocalization of G3BP1 (in
green) and HTT/polyQ (in red) was assessed using the antibodies EM48, 1C2,
3B5H10, and 5490. All images shown are maximum intensity projections of 10 slice
Z-stacks taken at a thickness of 0.5 um per slice. B) Orthogonal views of the
maximum intensity projections show modest colocalization of G3BP1 and
Htt/polyQ antibodies 1C2, 3B5H10, and 5490, but not EM48. C) Pearson’s
correlation coefficient was calculated for each Z-stack using the Imaris
colocalization tool (N=1), with 1C2 having the highest degree of fluorophore
colocalization with G3BP1. Scale bars= 10um.
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Figure 2.5. Comparison of hnRNPA2/B1 and G3BP1 immunoreactivity in
the 12-week R6/2 brain. Coronal brain section images of A) G3BP1
demonstrate higher G3BP1 immunoreactivity in cortical areas, particularly in
R6/2 mice #2 and #3. Conversely, B) hnRNPA2/B1 immunoreactivity appears
to be lower in the mouse brain sections with highest G3BP1 immunoreactivity.
C) hnRNPA2B1 immunoreactivity is significantly lower in the hippocampus
(Student’s t-test, unpaired, two-tailed, *=0.0003), but not the cortex or striatum.
Immunoreactivity intensity was assessed using CellProfiler and normalized to
number of nuclei per frame. Analyses were done using four frames per mouse

brain (N=3 R6/2; 4 NT).
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Figure 2.6. G3BP2 SGs are not detected in the 12-week R6/2
mouse brain. Immunofluorescence was used to investigate whether
the G3BP1 homolog, G3BP2, contributes to SG pathology in the R6/2
brain. The pattern of G3BP2 immunoreactivity (in green) suggests
that, although the majority is localized to the cytoplasm, G3BP2 does
not localize to granule-like cytoplasmic structures in the cortex or
striatum of either the R6/2 or NT mouse brain. Co-staining with the
HTT antibody EM48 suggests that G3BP2 does not localize to HTT
nuclear inclusions. Scale bar: 10um.
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Figure 2.7. G3BP1 immunoreactivity in the hippocampus of HD
patients. G3BP1 immunofluorescence of the hippocampal formation in
HD (grade 2) and control brains. A) Scans of the full hippocampal
formation with a negative control and G3BP1 stain (both in green). Red
boxes enclose the CA1/CA2 region shown in zoomed in images. B)
Zoomed in scan image of area CA1/CA2 of the hippocampus (with DAPI
co-stain in blue). Scale bars: A=1000um; B=100um; C=20um.
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Figure 2.8. G3BP1 immunoreactivity in the
hippocampus of HD patients (higher
magnification images). G3BP1
immunofluorescence  of the hippocampal
formation of HD (grade 2) and control brains.
Confocal images of hippocampal area CAl
depicting G3BP1-positive cells (in green). Scale
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Figure 2.9. G3BP1 immunoreactivity in the
superior frontal cortex of HD patients. G3BP1
immunofluorescence (in green) of the superior
frontal cortex of HD (grade 2) and control
human brains. Lower DAPI intensity was noted
in control samples. Scale bar= 20um.
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Figure 2.10. G3BP1 immunoreactivity in the
parietal cortex of HD patients. G3BP1
immunofluorescence (in green) of the parietal
cortex of HD (grade 2) and control human
brains. Lower DAPI intensity was noted in
control samples. Scale bar= 20um.
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Figure 2.11. Increased G3BP1 SG density in the superior frontal cortex of HD
human brain. G3BP1 (in green) SGs were immunostained and their density was
calculated using Imaris image analysis software surface tool and normalized to the
number of nuclei per frame (DAPI in blue). A, B) G3BP1 SG density is significantly
higher in the superior frontal cortex of HD brains (grade 3) compared to controls
(Student's t-test, unpaired, two-tailed, *=0.0085). Analysis was done using three
frames per case (N= 6 HD; 6 Control). C) Co-staining of stress granule markers
G3BP1 and elF3H (in red) in the superior frontal cortex demonstrates colocalization
in some HD cases. Scale bars: A=20um; C=10um.

109



Control

HD

CTRL245R

HD139R HD140R HD142R : HD147L HD158R

CTRL215R CTRL230R CTRL231R CTRL238R CTRL239R

HD171R

Figure 2.12. Negative control immunostaining of superior frontal cortex
blocks. Slide scanner images of postmortem superior frontal cortex blocks with
negative control immunostaining (secondary antibody only, in green). Images
represent the background fluorescence present on blocks, and suggest relatively
small background differences among samples.
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Figure 2.13. G3BP1 immunostaining of superior frontal cortex blocks. Slide
scanner images of postmortem superior frontal cortex blocks immunostained
with G3BP1 (in green) and used to quantitate G3BP1 SG densities for statistical
analysis.
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Figure 2.14. Increased G3BP1 SG density in
the superior frontal cortex of HD human
brain (control samples). Complementary
representative images to Figure 2.11. Images
were used to make quantitative G3BP1 SG
density comparisons between HD and control
samples. N= 6 HD; 6 Control. Scale bars:
A=20um
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Figure 2.15. Increased G3BP1 SG density in
the superior frontal cortex of HD human
brain (control samples; continued from
Figure 2.14). Complementary representative
images to Figure 2.11. Images were used to
make quantitative G3BP1 SG density
comparisons between HD and control samples.
N= 6 HD; 6 Control. Scale bars: A=20um
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Figure 2.16. Increased G3BP1 SG density in
the superior frontal cortex of HD human
brain (HD samples; continued from Figure
2.15). Complementary representative images
to Figure 2.11. Images were used to make
quantitative G3BP1 SG density comparisons
between HD and control samples. N= 6 HD; 6
Control. Scale bars: A=20um
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Figure 2.17. Increased G3BP1 SG density in
the superior frontal cortex of HD human
brain (HD samples; continued from Figure
2.16). Complementary representative images
to Figure 2.11. Images were used to make
quantitative G3BP1 SG density comparisons
between HD and control samples. N= 6 HD; 6
Control. Scale bars: A=20um

115



CTRL5382 CTRL5404 HD5608 HD5693

G3BP1 G3BP1 G3BP1 G3BP1
1 :
DAPI DAPI

Orthogonal Orthogonal Orthogonal QOrthogonal

Figure 2.18. G3BP1 SGs colocalize with translation
initiation factor elF3H in the superior frontal cortex of HD
patients. Co-staining of stress granule markers G3BP1 (in
green) and elF3H (in red) demonstrates colocalization in some,
but not all HD cases. Images were taken 2 HD (grade 2) and 2
control cases. Orthogonal images show colocalization. Scale
bar=10um.
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Figure 2.19. Highly immunoreactive G3BP1 positive cells have
pyramid-shaped cell bodies and express CaMK2. Co-staining of
G3BP1 (in green) and the pyramidal neuron marker CaMK2 (in
red), as well as cell morphology, suggest that cells with high-density
G3BP1+ SGs are likely to be pyramidal neurons. This pattern of
reactivity was observed for both HD and control -cases.
Representative images of the human parietal cortex and
hippocampus. Nuclei were stained with DAPI (in blue). Scale bar=
20um.
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Figure 2.20. Characterization of CSF EV concentration and
size using Nanoparticle Tracking Analysis. A) Clinical
features of patient CSF samples used for EV miRNA extraction
and next generation sequencing studies. A subset of CSF
samples (N= 5 HD, 5 control) was used to determine the size
distribution of Evs using fluorescent nanoparticle tracking
analysis. *Standard disease stage according to total functional
capacity (Shoulson, 1981). B) CSF EV particle concentration
was characterized by EV size subgroups in increments of
25nm (Two-way ANOVA, Boferroni's multiple comparisons
test, P>0.05), as well as by C) mode size (Student's t-test,
unpaired, two-tailed, P>0.05), and D) concentration (Student’s
t-test, unpaired, two-tailed, P>0.05). Error bars depict mean +
SEM.

118



£ £
i i
H H
— 5 —|
=l ¢ al
g g
o 3 I £
I
35 Lot wemn
§ H
t H
~ F ~N H
=| al i
O § Tl &
LT —
R e b a3 S
£ i
§ i
H i
o § I
=1 al @
Ul & Il ¢
35
H g
i i
i i
< H <r i
= 2l
U H Il :
ibaton
v bar 1 K
H T
1 i
1 |
wn F [T} §
= H [a) f
o 3 I 3

Figure 2.21. Average size distribution curves of individual
CSF EV samples. EVs were isolated from CSF collected from
HD and control patients by membrane affinity column
centrifugation and resuspended in PBS (N= 5 HD, 5 control).
Isolated EVs were analyzed in triplicate by fluorescent
nanoparticle tracking analysis. Red error bars indicate *1
SEM.
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Figure 2.22. EV miRNAs in the CSF of HD patients target SG-
related mRNAs that are differentially expressed in the
prefrontal cortex of HD patients. A) Workflow used to identify
CSF EV miRNAs with likelihood of functional relevance based on
overlap with RNA sequencing data from the prefrontal cortex of
HD patients (Labadorf et al., 2015). B) Overlap of 4,689 CSF EV
mRNAtargets and 464 mammalian SG genes (Nunes et al., 2019)
is significantly higher than what is expected based on a genome
larger than 21 ,000 genes (P<0.05 using the Fisher’s exact,
hypergeometric test). C) Table of selected SG genes that are
differentially expressed in the prefrontal cortex of HD patients,
with their respective log2FoldChange (Labadorf et al., 2015).
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41 miRNAs from overlap with Labadorf et al., 2015 miRNA Context++ score | miRmap score
HD PEC dataset miR-6129 0.44 99.35

o[ |miR-4725-3p 0.23 98.88
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4 miRNAs (Set 2): miR-6129, miR-4725-3p, miR-4700-5p, miR-449a

Figure 2.23. Selection of G3BP1-targeting miRNAs for overexpression studies
in HEK293T cells. A) Workflow of miRNA ranking, and selection, based on
predicted strength of miRNA repression on G3BP1, or "G3BP1 seed strength". B)
Ranked list of selected miRNAs with context++ and miRmap scores (*miRNA
selected based on overlap with previously published HD CSF miRNA sequencing
results (Reed et al., 2018)). PFC= prefrontal cortex.

121



Neg. control Set 1 Set 2

Neg. control

Set 1

DAPI )
DAPI ) ‘
D E
. NS
20000 NS NS 800 NS
[ A
5000 50
[] o 0
& ~ ¢ o 5
& F & & F#
& «

Figure 2.24. Downregulation of G3BP1 protein levels by
overexpression of synthetic miRNAs in 293T cells. A) Representative
images of G3BP1 immunofluorescence (in green) in 293T cells transfected
with a negative control (Neg. control) miRNA, a cocktail of three miRNAs
downregulated in the CSF EV mi RNA dataset (Set 1), and of four miRNAs
upregulated in the CSF EV mi RNA dataset (Set 2) (n=3 per condition).
Scale bar= 40um. B) Western blot of G3BP1, hnRNPA2/B1 (A2/B1), and
total protein (Revert). C) G3BP1 protein expression normalized to total
protein is significantly lower in Set 2 miRNA cocktail treated cells
compared to the negative control (One-way ANOVA, Dunnett's multiple
comparison test, *=0.019), but not Set 1 miRNA cocktail treated cells. D-F)
hnRNPA2/B1 expression of individual isoforms ('top' vs. 'bottom') and both
isoforms together normalized to total protein is also not significantly
different among treatment groups.

Set 2

(Revert)

(Revert)

Normalized A2E1(both) Expression

Normalized G3BP1 Expression
(Revert)
Normalized A2B1(top) Expression




SAstress

Unstressed

Neg. control

¢ Neg. Control
= Set1
4 Set2

G3BP1+ SGs/DAPI nuclei

Stressed Unstressed

4 e
NS

G3BP1+ SGs/DAPI nuclei

Figure 2.25. G3BP1-mediated SG induction is regulated by miRNAs in
293T cells treated with sodium arsenite. A) G3BP1 immunofluorescence
(in green) of unstressed cells and cells stressed with sodium arsenite (SA).
Cells were transfected with either a negative control mi RNA (Neg . Control),
a 3-miRNA cocktail (Set 1), or a 4-miRNA cocktail (Set 2) (N=3 per
condition). Scale bar= 40um. B) Quantitation of SG density (normalized to
DAPI stained nuclei) in both stressed and unstressed conditions suggests
that treatment with sodium arsenite resulted in a significant SG density
increase within each condition (Two-way ANOVA with Sidak's multiple
comparison test, *<0.0001; **=0.0025; ***=0.0283). C) SG density is
significantly decreased in "Set 2" treated cells compared to cells treated with
the negative control miRNA (One-way ANOVA with Dunnett's multiple
comparison test, ****=(0.0362), but not in "Set 1" treated cells. Analysis was
done using three frames per condition, per replicate (N=3, n=3).
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Figure 2.26. G3BP1-mediated SG induction is
regulated by miRNAs in 293T cells treated
with sodium arsenite (unstressed
condition). Complementary representative
images to Figure 2.25 (unstressed condition).
Scale bar= 40um.
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Table 2.1. Patient brain tissue samples.
PC=parietal cortex, SFC=superior frontal cortex, HF=hippocampal formation.

PMI=postmortem

Case ID | Diagnosis | Age | Gender | PMI Brain area
HC140-R HD-3 62 M 22 SFC
HC147-L HD-3 64 M 18 SFC
HC171-R HD-3 51 M 24 SFC
HC139-R HD-3 67 F 5 SFC
HC142-R HD-3 55 F 25 SFC
HC158-R HD-3 52 F 19 SFC
T-5608 HD-2 58 M 31 | SFC, PFC, HIF
T-5693 HD-2 80 F 7 | 8FC, PFC, HIF
H239-R control 64 M 15.5 SFC
H245-R control 63 M 20 SFC
H231-R control 65 M 8 SFC
H215-R control 67 F 235 SFC
H238-R control 63 F 16 SFC
H230-R control 57 F 32 SFC
T-5382 control 62 M 5.5 | SFC, PFC, HIF
T-5404 control 54 F 16.5 | SFC, PFC, HIF
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Table 2.2. Differentially expressed miRNAs in the prefrontal cortex of
HD patients that are predicted to target G3BP1. Adapted from Hoss et
al., 2015 list of 75 miRNAs differentially expressed in HD brain, combined

ctiidw

miRNA logFC p-value FDR g-value

miR-10b-3p 1.45 2.13E-12 4.98E-10
miR-1298-3p —-0.78 5.52E-09 1.03E-06
miR-302a-3p 0.81 3.72E-06 4.98E-04
miR-223-3p 0.75 1.94E-05 1.82E-03
miR-3200-3p -0.32 4.85E-05 4.14E-03
miR-302a-5p 0.7 5.70E-05 4.46E-03
miR-1264 =0:53 9.49E-05 6.36E-03
miR-6734-5p -0.79 8.86E-05 6.36E-03
miR-144-5p 0.94 1.04E-04 6.53E-03
miR-138-2-3p —0.38 1.43E-04 8.38E-03
miR-490-5p —-0.62 2.62E-04 1.04E-02
miR-5695 047 2.73E-04 1.04E-02
miR-885-5p —-0.35 2.77E-04 1.04E-02
miR-1298-5p -0.81 3.84E-04 1.20E-02
miR-16-2-3p 0.71 3.98E-04 1.21E-02
miR-106a-5p 0.44 5.64E-04 1.43E-02
miR-142-5p 0.6 5.77E-04 1.43E-02
miR-549a 0.95 5.67E-04 1.43E-02
miR-5680 —0.35 9.93E-04 2.27E-02
miR-3065-5p 042 1.04E-03 2.33E-02
miR-4787-3p —0.33 1.23E-03 2.62E-02
miR-101-5p 0.28 1.47E-03 2.88E-02
miR-483-5p 1.16 1.52E-03 291E-02
miR-1185-1-3p -0.41 1.70E-03 3.12E-02
miR-129-5p —0.35 1.95E-03 3.22E-02
miR-888-5p 0.56 1.91E-03 3.22E-02
miR-126-5p 0.29 2.46E-03 3.88E-02
miR-34c¢-5p -0.64 2.48E-03 3.88E-02
miR-218-1-3p 0.35 2.53E-03 3.89E-02
miR-548n 0.52 3.14E-03 4.46E-02
miR-148a-5p 0.52 3.31E-03 4.57E-02
miR-29a-3p 0.23 3.46E-03 4.70E-02
miR-153-5p 0.37 3.78E-03 4.79E-02
miR-28-5p 0.27 3.75E-03 4.79E-02
miR-7-2-3p 0.27 3.78E-03 4.79E-02
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Table 2.3. CSF EV miRNAs from HD vs. control differential expression
analysis with P values <0.05, prior to correcting for multiple tests
with the Benjamini-Hochberg method. N= 10 HD, 10 control.

Sequencing studies were performed in two batches, “1* batch and 2™
batch”, following the same EV RNA isolation protocol.

miRNA baseMean | log2FoldChange | IfcSE stat p-value | padj
hsa-miR-30e-5p 54.0066 -1.3356 0.429 | -3.1134 | 0.00185 | 0.96335
hsa-miR-1307-5p 6.06509 -6.1314 | 2.0375 | -3.0093 | 0.00262 | 0.96335
hsa-miR-449a 3.93847 4.8305 | 2.06734 | 2.33658 | 0.01946 | 0.96335
- hsa-let-7f-2-3p 3.49976 -5.3405 | 2.38671 | -2.2376 | 0.02525 | 0.96335
< | hsa-miR-584-5p 10.7835 -1.8939 | 0.87022 | -2.1764 | 0.02953 | 0.96335
E hsa-miR-4634 7.04013 -5.1387 | 2.44135 | -2.1048 | 0.03531 | 0.96335
hsa-miR-381-3p 4.04843 4.09951 | 1.99834 | 2.05145 | 0.04022 | 0.96335
hsa-miR-3907 6.15003 -6.12 | 3.03296 | -2.0178 | 0.04361 | 0.96335
hsa-miR-127-3p 5.29822 -3.2987 | 1.65742 | -1.9903 | 0.04656 | 0.96335
hsa-miR-29b-3p 28.6266 1.32361 | 0.66731 | 1.9835 | 0.04731 | 0.96335
hsa-miR-12136 3.57178 -2.2974 | 0.81625 | -2.8146 | 0.00488 | 0.99845
hsa-miR-6852-5p 1.05441 -3.4144 | 1.40459 | -2.4309 | 0.01506 | 0.99845
hsa-miR-4476 2.84722 -3.6436 | 1.51218 | -2.4095 | 0.01597 | 0.99845
hsa-miR-4750-3p 3.87093 -2.6797 | 1.14557 | -2.3392 | 0.01933 | 0.99845
~ hsa-miR-762 7.43113 1.07142 | 0.47626 | 2.24965 | 0.02447 | 0.99845
< | hsa-miR-12126 3.54035 -2.962 | 1.43171 | -2.0689 | 0.03856 | 0.99845
E hsa-miR-3675-3p 18.3645 0.92447 | 0.4521 | 2.04486 | 0.04087 | 0.99845
hsa-miR-4725-3p 2.14193 1.95724 | 0.98018 | 1.99681 | 0.04585 | 0.99845
hsa-miR-8069 16.2964 0.87203 | 0.43997 1.982 | 0.04748 | 0.99845
hsa-miR-181c-3p 12.2489 -2.1381 | 1.08024 | -1.9793 | 0.04778 | 0.99845
hsa-miR-6785-5p 29.6265 0.90042 | 0.45688 | 1.97082 | 0.04874 | 0.95845
hsa-miR-4687-3p 0.9087 2.64169 | 1.34676 | 1.96152 | 0.04982 | 0.99845
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Table 2.4. CSF EV miRNAs from HD vs. control differential expression
analysis with a log2FoldChange larger than a magnitude of two.

miRNAs baseMean Fol;gﬁinge 1fcSE stat pvalue | padj
hsa-miR-3944-5p 0.759 3.113 3.073| 1.013 0.311 | 0.998
hsa-miR-3189-3p 0.741 3.079 2.264 1.36 0.174 | 0.998
hsa-miR-4767 0.672 2.914 1802 | 1617 0.106 | 0.998
hsa-miR-3917 0.586 2.729 3.087 | 0.884 0.377 | 0.998
hsa-miR-3190-3p 0.568 2.687 3.089 0.87 0.384 | 0.998
hsa-miR-135a-2-3p 0.565 2.671 2383 1.121 0.262 | 0.998
hsa-miR-4687-3p 0.909 2.642 1347 [ 1.962 0.05]0.998
hsa-miR-5692a 0.536 2.607 2375 1.098 0.272 | 0.998
hsa-miR-4763-3p 0.532 2.599 2432 | 1.069 0.285 | 0.998
hsa-miR-3136-5p 0.52 2.571 3.094( 0831 0.406 | 0.998
hsa-miR-616-5p 0.501 2.525 2425 | 1.041 0.298 | 0.998
hsa-miR-4689 0.499 2.514 3.097 | o0.812 0.417 | 0.998
hsa-miR-4429 1.301 2.444 1.297 | 1.884 0.06 | 0.998
hsa-miR-6846-3p 1.717 2.414 1.272| 1.897 0.058 | 0.998
hsa-miR-557 0.444 2.363 3.105 | 0.761 0.447 | 0.998
hsa-miR-5589-5p 0.434 2.303 3.108 [ 0.741 0.459 | 0.998
hsa-miR-4442 0.427 2.282 3.109| 0.734 0.463 | 0.998
hsa-miR-8086 0.427 2.282 3.109| 0.734 0.463 | 0.998
hsa-miR-6782-5p 0.425 2.277 311] 0.732 0.464 | 0.998
hsa-miR-6840-3p 0.425 2.277 311] 0.732 0.464 | 0.998
hsa-miR-6529-5p 0.421 2.255 1.904 [ 1.185 0.236 | 0.998
hsa-miR-6842-5p 0.416 2.245 2457 | 0914 0.361 | 0.998
hsa-miR-3127-5p 0.411 2.233 3.112 | 0.718 0.473 | 0.998
hsa-miR-4700-5p 1.122 2.201 1651 1.333 0.183 | 0.998
hsa-miR-4457 0.392 2.179 2.454 | 0.888 0.375 | 0.998
hsa-miR-6129 1.027 2.162 1373 | 1.574 0.115 | 0.998
hsa-miR-1305 0.383 2.148 2452 | 0.876 0.381 | 0.998
hsa-miR-4257 1.081 2.069 1.386 [ 1.493 0.135 | 0.998
hsa-miR-7150 1.04 2.029 137 ] 1.481 0.139 | 0.998
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Table 2.4 (continued). CSF EV miRNAs from HD vs. control differential
expression analysis with a log2FoldChange larger than a magnitude of two.

miRNAs baseMean Fol(izﬁinge IfcSE | stat pvalue | padj

hsa-miR-10523-5p 1.869 2.016 | 1.371 1.47 0.142 | 0.998
hsa-miR-605-3p 0.388 -2.027 | 3.112] -0.651 0.515 | 0.998
hsa-miR-6789-5p 2.066 -2,057 | 1.201] -1.713 0.087 | 0.998
hsa-miR-9985 0.419 -2.098 | 2.503] -0.838 0.402 | 0.998
hsa-miR-181c-3p 12.249 -2.138 1.08] -1.979 0.048 | 0.998
hsa-miR-1322 0.446 -2191 | 2.512] -0.872 0.383 | 0.998
hsa-miR-3679-3p 0.433 -2.196 | 3.103] -0.708 0.479 | 0.998
hsa-miR-8076 0.433 -2196 | 3.103] -0.708 0.479 | 0.998
hsa-miR-3610 1.207 -2.215 | 1.345] -1.646 0.1] 0.998
hsa-miR-3940-5p 0.442 -2.229 | 2.462] -0.905 0.365 | 0.998
hsa-miR-7106-3p 1.217 -2.254 1.73] -1.303 0.193 | 0.998
hsa-miR-12136 3.572 -2.297 | 0.816] -2.815 0.005 | 0.998
hsa-miR-6827-3p 0.472 -2.304 | 2.408] -0.957 0.339 | 0.998
hsa-miR-10392-5p 1.376 -2.407 | 1.326] -1.815 0.069 | 0.998
hsa-miR-4535 0.516 -2.408 | 2.417] -0.996 0.319 | 0.998
hsa-miR-6880-3p 0.516 -2.422 | 2422 -1 0.317 | 0.998
hsa-miR-3621 2.702 -2.425 1.26 ] -1.924 0.054 | 0.998
hsa-miR-2116-3p 1.417 -2.449 | 1.261] -1.942 0.052 | 0.998
hsa-miR-4750-3p 3.871 -2.68 | 1.146] -2.339 0.019 | 0.998
hsa-miR-4638-5p 0.637 -2.709 3.08] -0.879 0.379 | 0.998
hsa-miR-3124-5p 0.64 -2.713 3.08] -0.881 0.378 | 0.998
hsa-miR-1915-5p 0.655 -2.738 | 1.852] -1.479 0.139 | 0.998
hsa-miR-130b-5p 0.66 -2.755 | 3.079] -0.895 0.371| 0.998
hsa-miR-1243 0.673 -2.822 | 3.076] -0.917 0.359 | 0.998
hsa-miR-12126 3.54 -2.962 | 1.432] -2.069 0.039 | 0.998
hsa-miR-5698 2.864 -2.967 | 1.611] -1.842 0.065 | 0.998
hsa-miR-6852-5p 1.054 -3.414 | 1.405] -2.431 0.015 | 0.998
hsa-miR-624-5p 1.03 -3.439| 1.813] -1.897 0.058 | 0.998
hsa-miR-4476 2.847 -3.644 | 1.512] -2.41 0.016 | 0.998
hsa-miR-6800-3p 1.217 -3.665 | 2.326] -1.576 0.115 | 0.998
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Table 2.5. Filtered miRNAs from miRNA-mRNA overlap analysis. List of 41
miRNAs that target differentially expressed genes (DEGs) in the prefrontal cortex
(PFC) of HD patients. Because the expression level of a miRNA is negatively correlated
to the expression level of its target gene, miRNAs whose expression levels were not
the inverse of their target genes 50% or more of the time (% overlap) were filtered
out.

miRNA Total targets | Targets in HD PFC DEGs | Inverse direction | % overlap
hsa-miR-8076 2950 855 564 65.96
hsa-miR-3610 438 131 86 65.65
hsa-miR-624-5p 2078 646 421 65.17
hsa-miR-1243 3200 964 608 63.07
hsa-miR-146a-5p 283 74 46 62.16
hsa-miR-130b-5p 5727 1779 1100 61.83
hsa-miR-1322 2962 906 560 61.81
hsa-miR-181c-3p 1675 541 331 61.18
hsa-miR-4767 1203 391 238 60.87
hsa-miR-4442 644 188 109 57.98
hsa-miR-339-3p 729 283 164 57.95
hsa-miR-3125 5385 1666 965 57.92
hsa-miR-3917 710 214 123 57.48
hsa-miR-29b-3p 1265 426 244 57.28
hsa-miR-6846-3p 2673 880 500 56.82
hsa-miR-762 5621 1845 1046 56.69
hsa-miR-3679-3p 4906 1570 887 56.5
hsa-miR-6827-3p 2298 707 397 56.15
hsa-miR-4763-3p 6300 2050 1151 56.15
hsa-miR-6842-5p 4250 1412 786 55.67
hsa-miR-605-3p 4722 1486 823 55.38
hsa-miR-6782-5p 3452 1129 622 55.09
hsa-miR-3940-5p 3284 1033 561 54.31
hsa-miR-4700-5p 5553 1812 983 54.25
hsa-miR-6129 5364 1728 933 53.99
hsa-miR-6800-3p 3197 1014 540 53.25
hsa-miR-449a 754 256 136 53.13
hsa-miR-4535 2092 665 348 52.33
hsa-miR-3189-3p 4423 1397 730 52.25
hsa-miR-4634 638 196 102 52.04
hsa-miR-3127-5p 4249 1351 703 52.04
hsa-miR-4476 5956 1873 974 52
hsa-miR-6785-5p 7852 2509 1294 51.57
hsa-miR-7150 5077 1626 838 51.54
hsa-miR-2116-3p 4929 1572 810 51.53
hsa-miR-378b 223 72 37 51.39
hsa-miR-6840-3p 6772 2194 1126 51.32
hsa-miR-5589-5p 6349 2042 1043 51.08
hsa-miR-3158-3p 3263 1058 535 50.57
hsa-miR-4725-3p 5776 1816 918 50.55
hsa-miR-3944-5p 3815 1267 639 50.43
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Table 2.6. Top 10 GO terms for biological process, cellular component, and
molecular function, using the predicted gene targets of the final 41 filtered
CSF EV miRNAs.

GO term Fold enrichment Raw p-value | FDR
glutamate secretion (GO:0014047) 2.69 2.03E-03 4.86E-02
embryonic forelimb morphogenesis (G0:0035115) 2.58 1.73E-03 4.30E-02
" forelimb morphogenesis (GO:0035136) 2.52 8.85E-04 2.47E-02
g positive regulation of sodium ion transport (G0:0010765) 2.51 2.08E-03 4.92E-02
%‘ macrophage activation (G0:0042116) 2.46 3.37E-04 1.07E-02
'§> cellular extravasation (GO:0045123) 2.46 1.01E-03 2.76E-02
-3 regulation of sodium ion transmembrane transporter activity (GO:2000649) 2.41 2.82E-04 9.19E-03
regulation of sodium ion transmembrane transport (G0:1902305) 2.31 1.82E-04 6.22E-03
synaptic vesicle exocytosis (G0:0016079) 2.24 4.13E-04 1.27E-02
regulation of myeloid leukocyte mediated immunity (GO:0002886) 2.24 1.24E-03 3.25E-02
presynaptic active zone membrane (GO:0048787) 2.6 2.32E-03 4.35E-02
presynaptic active zone (GO:0048786) 2.15 3.89E-04 9.52E-03
= specific granule membrane (GO:0035579) 212 1.10E-04 3.30E-03
g tertiary granule (G0O:0070820) 1.97 3.99E-06 1.57E-04
g tertiary granule membrane (G0:0070821) 1.97 2.17E-03 4.11E-02
o
& plasma membrane raft (G0:0044853) 1.92 3.69E-04 9.14E-03
% specific granule (G0:0042581) 1.87 4.35E-05 1.41E-03
© secretory granule membrane (G0O:0030667) 1.82 7.67E-08 3.95E-06
sarcolemma (G0:0042383) 1.79 4.39E-04 1.06E-02
clathrin-coated vesicle membrane (GO:0030665) 1.79 1.77E-03 3.48E-02
DNA-binding transcription repressor activity, RNA polymerase Il-specific (G0:0001227) 1.8 1.52E-06 2.30E-04
DNA-binding transcription repressor activity (G0:0001217) 1.8 1.52E-06 2.23E-04
< DNA-binding transcription activator activity, RNA polymerase ll-specific (GO:0001228) 1.6 7.94E-07 1.33E-04
£ | DNA-binding transcription activator activity (G0:0001216) 1.6 1.05E-06 1.69E-04
é RNA polymerase Il regulatory region DNA binding (G0:0001012) 1.52 2.65E-09 1.13E-06
T:; RNA polymerase Il proximal promoter sequence-specific DNA binding (GO:0000978) 1.51 1.73E-06 2.26E-04
é RNA polymerase |l regulatory region sequence-specific DNA binding (60:0000977) 1.51 5.73E-09 1.92E-06
amide binding (G0:0033218) 1.5 1.70E-04 1.42E-02
proximal promoter sequence-specific DNA binding (G0:0000987) 1.5 2.86E-06 3.44E-04
transcription regulatory region sequence-specific DNA binding (G0O:0000976) 1.49 7.38E-09 2.31E-06
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Table 2.7. List of primary antibodies used for tissue staining and

western blotting. FF=

free floating,

immunofluorescence, WB= western blotting.

PE= paraffin embedded,

IF=

Antigen Type Dilution Manufacturer
Anti-G3BP1 Rabbit Polyclonal 1:300 (FF- and PE-IF) | cat. #RN048PW, MBL

1:1000 (cell culture IF)

1:1000 (WB)
Anti-G3BP2 Rabbit Polyclonal 1:200 (FF-IF) cat. #ab86135, Abcam
Anti-hnRNPA2/B1 Mouse Monoclonal | 1:250 (FF-IF) cat. #sc-53531, Santa Cruz Biotech.

1:100 (PE-IF)

1:1000 (WB)
Anti-elF3H Mouse Monoclonal | 1:200 (PE-IF) cat. #sc-137214, Santa Cruz Biotech.
Anti-Huntingtin (EM48) Mouse Monoclonal | 1:200 (FF-IF) cat. #MAB5374, Millipore
Anti-Polyglutamine (1C2) | Mouse Monoclonal | 1:500 (FF-IF) cat. #MAB1574, Millipore
Anti-Huntingtin (3B5H10) | Mouse Monoclonal | 1:500 (FF-IF) cat. #MABNB821, Millipore
Anti-Huntingtin (5490) Mouse Monoclonal | 1:500 (FF-IF) cat. #MAB5490, Millipore
Anti-CaMK2 Mouse Monoclonal | 1:300 (PE-IF) cat. #ab22609, Abcam
Anti-alpha-tubulin Mouse Monoclonal | 1:5000 (WB) cat. #05-829, Sigma-Aldrich
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Table 2.8. miRCURY LNA miRNA mimics used in
293T cell transfection studies.

miRCURY LNA miRNA mimic | QIAGEN Catalog #
Negative Control #YMO00479902-ADB
hsa-miR-6129 #YMO00473318-ADB
hsa-miR-4725-3p #YM00472882-ADB
hsa-miR-605-3p #YMO00470339-ADB
hsa-miR-4700-5p #YMO00472802-ADB
hsa-miR-449a #YMO0473262-ADB
hsa-miR-4476 #YMO00472685-ADB
hsa-miR-1322 #YMO00470309-ADB
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CHAPTER 3

Derivation of choroid plexus epithelial cells from Huntington’s disease patient-derived
induced pluripotent stem cells

SUMMARY OF CHAPTER 3

The previous chapter of this dissertation focused on the SG component G3BP1 and the
accumulation of G3BP1-positive SGs in HD. Additionally, it was proposed that EV miRNAs
in the CSF of HD patients that are differentially packaged have the potential to regulate SG
dynamics via the post-transcriptional repression of SG components such as G3BP1. Recent
studies provide evidence for pathological differences in the CSF composition from
Alzheimer’s disease and ALS patients. CSF production and maintenance are largely
regulated by the choroid plexus (ChP), a highly specialized secretory tissue within the
third, fourth, and lateral ventricles. The outer layer of the ChP is composed of cuboidal
choroid plexus epithelial cells (CPECs). Sealed by tight junctions, CPECs form the interface
between vascular tissue and CSF, produce CSF, and secrete miRNA-containing EVs. Thus,
the generation of an in vitro CPEC system would allow for mechanistic studies to
investigate CSF EV miRNA secretion in health and disease. In this chapter, we provide a
preliminary proof of concept for the derivation of CPECs from patient-derived induced
pluripotent stem cells (iPSCs), and initial evidence for altered tight junction and cilia

formation in HD iPSC-CEPCs.
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INTRODUCTION

Because CPECs are the interface of the blood-CSF barrier and are responsible for the
maintenance of the CSF, there is potential for their involvement in the seeding and spread
of neurodegenerative disease pathology (Smith et al., 2015). In ALS, the blood-CSF barrier
structure is compromised due to the disruption of tight junction components of the CPEC
layer, which lines the ChP, and disruption of vascular integrity of the ChP (Saul et al., 2020).
Additionally, the CSF from ALS patients contains altered levels of proteins including
increased inflammatory and extracellular matrix proteins, as well as increased CSF to
serum ratios of albumin, IgG, and complement C3 (Leonardi et al., 1984; Annunziata et al,,
1985; Apostolski et al,, 1991; Ryberg et al., 2011; Blasco et al., 2013; Collins et al,, 2015),
corroborating the disruption of blood-CSF barrier in ALS. In Alzheimer’s disease, CSF
production and turnover are decreased (Serot et al., 2000), CPEC height is decreased (Serot
et al., 2003), there is increased accumulation of Lipofuscin vacuoles and Biondi bodies
(Wen et al., 1999), and increased AP deposition, resulting in the breakdown of barrier
integrity (Vargas et al, 2010). Altogether, these findings warrant further investigation of

the ChP to better understand its involvement in neurodegenerative disease.

The investigation of CPECs has been limited to postmortem tissue samples, which do not
allow for the study of early cellular and molecular mechanisms underlying disease
phenotypes. Very few studies have investigated CPECs in vitro, potentially due to the
difficulty to expand or generate them in culture. However, exploiting the fact that CPECs
arise from pre-neurogenic epithelial cells and require bone morphogenic protein (BMP)
signaling for differentiation, Watanabe et al. showed that BMP4 is sufficient to induce CPEC
fate from neural progenitors of neuroepithelial lineage derived from mouse and human
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embryonic stem cells (ESCs) (Watanabe et al, 2012). To do this, they used a serum-free
culture of embryoid body-like aggregation (SFEBq) based method to derive cells of
neuroepithelial lineage from mESCs and hESCs, followed by treatment with BMP4.
Importantly, the SFEBq method recapitulates spatial and temporal aspects of early
corticogenesis, and gives rise to neuroepithelial cells with apical-basal polarity (Eiraku et
al, 2008). BMP4 sufficiency was demonstrated by gRT-PCR, ICC, and ISH data showing
increased expression of CPEC markers, and electron microscopy analysis provided
ultrastructural data demonstrating that these cells contained microvilli and juxtalumenal
tight junctions. However, derivation efficiency was low and the authors stated that protocol
optimization will be necessary. Recently, the development of human ChP organoids was
achieved, which contain CPECs that recapitulate in vivo characteristics, and display CSF
secretion and barrier formation properties (Pellegrini et al., 2020). These in vitro systems
will play an instrumental role in the identification of the specific CSF components that
originate from CPECs, and coupled with iPSC technology, will make possible mechanistic

studies of CPECs in disease.

The few studies that have investigated EV secretion by CPECs, however, mainly use the
immortalized rat CPEC line Z310 (Zheng et al, 2002), or commercially available CPECs
isolated from human ChP (ScienCell). Mouse models have also been used to study the ChP
and its secretory functions. For example, a study by Balusu et al. identified EV release by
the choroid plexus and presents it as a mechanism for blood-brain communication during
systemic inflammation, in which pro-inflammatory miRNAs become overrepresented in
CSF EVs (Balusu et al., 2016). In this study, they show that ChP derived EVs enter the brain
parenchyma when injected intraventricularly into the mouse brain, are taken up by
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astrocytes and microglia, and induce miRNA target repression and inflammatory gene up-
regulation. They claim that EVs that cross the ependymal cell lining of the ventricles
contain specific proteins that target astrocytes and microglia, but not neurons. However,
the manner in which EVs were isolated has to be taken into consideration before making
and/or adopting these general claims. The EVs used for this procedure were isolated from
pooled CSF, obtained from mice that had been treated with the endotoxin
lipopolysaccharide (LPS), which induces an inflammatory response. LPS also induced an
upregulation of EV secretion; thus, it’s possible that this treatment had a selective effect on
the specific subtype of EVs generated, and more importantly, the type of membrane protein
receptors present. For example, LPS treatment, which induces microglia and astrocyte
activation (Chen et al, 2012; Tarassishin et al, 2014), could have resulted in increased EV
secretion specifically from glial cells, which are probably rich in membrane proteins that

selectively induce uptake by glial cells.

Nonetheless, their studies provide strong support that the ChP is a major contributor of
EVs found in the CSF. Transthyretin (TTR) is a common ChP marker, as it is exclusively
produced and secreted by the ChP (Herbert et al, 1986; Aldred et al, 1995). Balusu et al.
found that EV samples isolated from CSF contained TTR, suggesting that the ChP is an
important source of CSF EVs. Furthermore, when exosome production was inhibited in vivo
with GW4869, Nanoparticle Tracking Analysis demonstrated a reduced amount of EVs in
the CSF, and an accumulation of miRNAs in the ChP. This is corroborated by findings from
Grapp et al,, where 36% of all human CSF exosomes were found to contain folate receptor-
a (Grapp et al,, 2013). Since brain FRa is almost exclusively expressed in the ChP, this also
suggests that the ChP may be a major source of CSF exosomes.
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Reports suggest that human CPECs secrete EVs at an average of 559.1 (x10°) EVs per mL,
and that these EVs contain hnRNPA2B1-miRNA complexes (Tietje et al., 2016). Specifically,
the post-translational modification of hnRNPA2B1 by SUMO has been proposed to act as a
molecular switch for the packaging of miRNAs into exosomes (Villarroya-Beltri et al, 2013),
and previous work from our laboratory shows that SUMOylation is altered in HD (Steffan et
al, 2004; O’'Rourke et al., 2013). Post-translational protein modifications facilitate cell
signaling by allowing cells to spatially and temporally regulate the functional diversity of
their proteome. SUMOylation is a post-transcriptional modification in which a member of
the small (~11 kDa) ubiquitin-like modifier (SUMO) family of proteins reversibly binds to
lysine residues in target proteins (Geiss-Friedlander et al, 2007). Processing to yield
mature protein is carried out by a family of SUMO-specific proteases (SENPs), SUMO
proteins are activated by ATP-dependent heterodimer of SUMO1 activating enzyme
subunit 1 (SAE1), and are then passed on to the conjugating enzyme 9 (UBC9). UBC9 then
works in conjunction with an E3 ligating enzyme to catalyze SUMO conjugation to the
substrate (Cappadocia et al.,, 2017; Dye et al., 2007). Four SUMO isoforms are found in
mammalian cells, designated SUMO1 to SUMO4, although SUMO4 is only present in kidney
and its function is not well characterized. SUMOylation functions are diverse and best
characterized for nuclear functions (Nuro-Gyina et al, 2016); however, cytosolic roles have
also been identified and include regulation of G-protein signaling, kinase and phosphatase
signaling, mitochondrial fission and apoptosis, regulation of RNA metabolism and
trafficking, and protein homeostasis (Geiss-Friedlander et al, 2007; Liebelt et al, 2016).
Synaptic proteins are also SUMO modified (Matsuzaki et al, 2016). The effects of

SUMOylation vary depending on the target, and include revealing or blocking sites for other
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post-translational modifications, and promoting novel protein interactions by the non-
covalent binding of proteins with SUMO interacting motifs (SIMs) (Yang et al., 2017; Zhao,

2018).

A proteomic analysis of HeLa cells treated with the proteasome inhibitor MG132 found that
all SUMO paralogues could be identified in the resulting insoluble protein inclusions,
suggesting that aberrant SUMOylation may occur in response to the presence of misfolded
or oligomerized proteins, including HTT (Tatham et al., 2011). Mutant HTT fragments have
been shown to co-localize with SUMO1 in co-transfection studies performed on mouse
immortalized striatal cells, suggesting that HTT is either SUMOylated, or that it interacts
with SUMOylated proteins (Sipione et al, 2002). The direct SUMO modification of a
neurodegenerative disease protein was first described by Steffan et al. (Steffan et al, 2004),
showing that the HTT protein could be SUMO modified. The involvement of SUMO in HD
pathogenesis was further studied in cells and in drosophila. Additionally, a study conducted
on post-mortem striatal tissue from HD patients showed an accumulation of SUMOZ2 and, to
a lesser extent, SUMO1 modified proteins in the insoluble protein fraction, suggesting in
vivo relevance for the potential involvement of SUMO modification on aberrant mHTT
accumulation (O’Rourke et al., 2013). Lastly, reduction of the SUMO E3 ligase PIAS1 rescues
disease-associated phenotypes in the R6/2 HD mouse model (Ochaba et al, 2016),
although to date direct in vivo SUMO modification of HTT has not yet been feasible, given

that endogenous SUMO modification is highly transient.

Several members of the hnRNP RBP family are post-translationally modified by SUMO

(hnRNPs A1, A3, F, H1, K, and U) (Li et al, 2004), suggesting that SUMOylation may be a key
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player in the regulation of mRNA metabolism. Interestingly, the putative SUMOylation sites
of most hnRNPs, including hnRNPA2B1, are located in the RRM, suggesting that
SUMOylation might regulate the protein’s RNA binding activity. Villarroya-Beltri et al.
identified a role for hnRNPA2B1 in the sorting of miRNAs into exosomes (Villaroya-Beltri
et al, 2013), which appears to be dependent on SUMO modification of hnRNPA2B1 and
recognition of the GGAG motif in the 3’ end of miRNAs. These results were subsequently
corroborated by a separate study that identified hnRNPA2B1-miRNA complexes in CSF
exosomes (Tietje et al, 2014). While hnRNPA1 and hnRNPC are also able to bind miRNAs, a

binding motif has not been identified (Villarroya-Beltri et al, 2013).

In conclusion, we propose that CPECs are an ideal model to study the packaging and
secretion of EV miRNAs, which in turn will help elucidate the cellular and molecular
mechanisms underlying the propagation of pathology via the CSF. Because CPECs express
hnRNPA2B1, and miRNA-hnRNPA2B1 complexes are found within CPEC EVs, these cells
will allow for the investigation of hnRNPA2B1-mediated miRNA packaging. In this chapter,
we provide evidence of a potential role for SUMOylated hnRNPA2B1 in HD, and
demonstrate feasibility for the derivation of CPECs from patient-derived iPSCs to

investigate disease mechanisms.

RESULTS

hnRNPA2B1 mislocalization as a result of proteostatic stress in rat CPECs

SGs, which assemble when RNA binding proteins such as hnRNPA2B1 aggregate through their
glycine rich domains, might contribute to neurodegeneration via toxic gain or loss-of-function

mechanisms (Kim et al., 2013; Martinez et al., 2016; Wolozin et al.,, 2019). If hnRNPA2B1 is
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sequestered in SGs, other functions such as the packaging of miRNAs into EVs might become
impacted. To begin to investigate mechanisms underlying hnRNPA2B1 mislocalization, we used
an immortalized CPEC cell system as a first step. Z310 rat CPECs (Zheng et al., 2002) were
transfected with increasing concentrations of 97Q-expanded Exon 1-GFP of HTT and treated
with MG132 to inhibit the proteasome and lysosome. This proteostatic stress resulted in
mislocalization of hnRNPA2B1 from a detergent insoluble (roughly nuclear) to a soluble
(roughly cytoplasmic) fraction (Figure 3.1, A), and of SUMO-1 (Figure 3.1, D) and SUMO-2/3
(Figure 3.1, E) from the insoluble fraction to a larger, insoluble fibrillar aggregated species
(Figure 3.1, G). MG132 treatment also resulted in increased fragmentation and accumulation of
FL-HTT (Fig 3.1, B). These results suggest that hnRNPA2B1, which is normally most abundant in

the nucleus, may be mislocalized to the cytoplasm under conditions of proteostatic stress.

hnRNPA2B1 is translocated to cytoplasmic puncta as a result of inhibited
SUMOylation, and CSF EVs from HD patients contain altered hnRNPA2B1 protein
levels

While hnRNPA2B1 is largely a nuclear protein, it carries out specific functions that require
cytoplasmic localization (Han et al., 2010), such as the trafficking of mRNAs to dendrites
(Shan et al., 2003). In addition to this, it has been reported that the SUMOylation of
hnRNPA2B1 regulates the packaging of specific miRNAs into exosomes for secretion
(Villarroya-Beltri et al., 2013). This has been supported by the detection of hnRNPA2B1-
miRNA complexes within EVs secreted by CPECs, which are also detected in human CSF

(Tietje et al.,, 2016).
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To begin to explore the impact of SUMO modification on hnRNPA2B1 localization within
CPECs, we treated Z310 rat CPECs with the SUMOylation inhibitor anacardic acid (Fukuda
et al, 2009). Z310 cells were treated with either DMSO or anacardic acid as previously
described (Fukuda et al.,, 2009), and co-stained with SUMO-1 and hnRNPA2B1. Cells treated
with anacardic acid showed mislocalization of hnRNPA2B1 into the cytoplasm compared to
DMSO treated cells (Figure 3.2, A). The percentage of hnRNPA2B1 puncta in the cytoplasm
of anacardic acid treated cells was 60%, compared to 8% in DMSO treated cells (p=3.73x10-
7, Student’s t-test) (Figure 3.2, B). These results suggest the inhibition of SUMOylation has

an effect on hnRNPA2B1 localization within the cell.

Based on findings that SUMOylation is dysregulated in HD (Steffan et al., 2004; O’'Rourke et
al., 2013), it has been hypothesized that SUMO may be sequestered by mHTT aggregated
species that are not cleared appropriately, resulting in depleted functional SUMO stores. If
this is true, and if the hnRNPA2B1 puncta that result from inhibition of SUMOylation are
non-functional due to hindered solubility, then miRNA packaging into EVs by SUMOylated
hnRNPA2B1 will be hindered in mHTT-expressing cells. As a first step to test this
hypothesis, we isolated EVs from the CSF of postmortem HD and control patients to analyze
hnRNPA2B1 protein levels by western blotting. The EV fraction was run side-by-side with
the CSF background fraction (supernatant from EV fraction precipitation), and a Z310
whole cell lysate control (Figure 3.3, A and B). The exosome markers Alix and TSG101
were only detected in the EV fraction, and the mitochondrial protein cytochrome C was
only detected in the Z310 whole cell lysate control. hnRNPA2B1 was detected at around 54
kDa in the CSF EV samples, compared to 37 kDa in the whole cell lysate samples. This is
consistent with the expected 12 kDa increase resulting from SUMOylation by SUMO-1
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(Bayer et al, 1998), and with previous findings by Villarroya-Beltri et al. in which
SUMOylated hnRNPA2B1-miRNA complexes were detected in exosomes. Compared to
control CSF EV samples, HD CSF EVs appear to contain lower levels of hnRNPA2B1;
however, the identification of a reliable EV loading control will be needed in order to make

definite conclusions.

BMP4-instructed derivation of CPECs from iPSCs

To investigate CPEC CSF EV secretion in an HD patient context, we initiated the generation
of CPECs derived from patient iPSCs. CPECs arise from pre-neurogenic epithelial cells and
require bone morphogenic protein (BMP) signaling for differentiation. Based on previous
findings by Watanabe et al. which showed that BMP4 is sufficient to induce CPEC fate from
neural progenitors of neuroepithelial lineage derived from mouse and human embryonic
stem cells (ESCs) (Watanabe et al., 2012), and in collaboration with the Monuki laboratory
that generated this protocol, we tested the ability of BMP4 to instruct CPEC derivation from

iPSCs.

The 35-day CPEC derivation protocol begun with the seeding of iPSCs in small clumps,
which expanded over 2 days in iPSC maintenance media (Figure 3.4, A). On day 5, neural
induction was instructed and BMP4 was added to the media starting one day after neural
induction, when cells are at a pre-neurogenic neuroepithelial cell stage. On the last day of
neural induction, the media was completely switched to CPEC differentiating media until
day 35. The derivation was carried out side-by-side with H1 ESCs due to the derivation
protocol being initially developed with this specific cell type (unpublished results).
Additionally, while the original derivation protocol was developed with the E8 iPSC/ESC
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maintenance media, we also tested mTeSR iPSC/ESC maintenance media due to the fact
that our iPSC lines have been historically maintained and expanded with mTeSR.
Brightfield microscopy images suggest that, over time, CPECs form multi-layered folds that
persist until the last day of the derivation (Figure 3.4, B). These folds were more
prominent in the ESCs, and iPSCs cultured with the mTeSR maintenance media. Of note, the
iPSCs cultured with mTeSR media also formed prominent, vesicle-like, fluid-filled

structures that persisted until the last day of the derivation.

We characterized derived CPECs by immunofluorescence and qPCR. CPEC marker
immunoreactivity, namely the co-expression of key CPEC markers aquaporin 1 (AQP1),
anion exchange protein 2 (AE2), claudin 1 (CLDN1), transthyretin (TTR), and ADP-
ribosylation factor-like protein 13B (ARL13B), was assessed. Out of the two iPSC
conditions tested, iPSC-CPECs grown in mTeSR had a higher amount of CPEC marker co-
localization, encompassing larger areas (Figure 3.5, A and B). Compared to iPSCs, ESC-
CPECs had larger areas of TTR-positive cells, and the highest amount of CPEC marker co-
localization (Figure 3.5, C). Because our goal was to investigate CPECs in an HD patient
context, we decided to move forward with the iPSC mTeSR condition for CPEC derivation.
Further analysis showed that these iPSC-CPECs form structures that are characteristic of
CPECs in vivo, such as apical-basolateral polarization (Figure 3.6, A and D), CLDN1 tight
junctions (Figure 3.6, B), and cilia (Figure 3.6, C). Furthermore, CPEC gene expression
analysis by qPCR shows an increase of CPEC marker expression along the following CPEC
derivation stages: neural induction, CPEC day 15, and CPEC day 35 (Figure 3.6, E). These
data provide evidence for the specification of CPEC identity in iPSC-derived cells using the
BMP4-instructed derivation approach.
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Potential dysregulation of tight junction and cilia formation in HD iPSC-CPECs

Tight junctions between CPECs form the blood-CSF barrier (Liddelow, 2015) andhave been
shown to be disrupted in postmortem tissue from ALS patients (Saul et al., 2020), and
resemble the blood-brain-barrier tight junctions that are disrupted in HD iPSC-derived
brain microvascular endothelial cells (Lim et al., 2017). As a first step to examine potential
tight junction formation deficits in HD, we compared CLDN1 tight junction
immunoreactivity between 33Q control and 109Q HD iPSC-derived CPECs (Figure 3.7, A).
Our results show the 109Q HD line formed less defined, punctate, tight junction structures

compared to the 33Q control iPSC-CPECs.

An additional CPEC structure investigated were cilia, which are ubiquitously expressed in
most cells, and function as a sensory platform to help regulate CSF production by mature
CPECs (Narita et al., 2015). While this CPEC property has not been investigated in the
context of HD, previous studies have shown that pericentriolar material 1 protein (PCM1)
accumulates and alters ciliogenesis in HD mouse model ependymal cells that line the lateral
ventricle (Keryer et al,, 2011), which share a resemblance with CPECs. To investigate a
potential disruption in ciliogenesis, we stained cilia with an antibody against ARL13B in
both 33Q control and 109Q HD iPSC-CPECs. The 109Q HD line formed visibly larger cilia
compared to the 33Q control iPSC-CPECs. Together, these results warrant further
investigation of tight junction and cilia properties in HD iPSCs, which, if disrupted, may

have important implications for CSF production and maintenance.
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Neural induction with dual SMAD inhibition does not result in efficient iPSC-CPEC
derivation

While BMP4-instructed derivation of CPECs allowed for the differentiation of iPSCs into
cells that express CPEC markers and form CPEC structures, the derivation efficiency did not
reach levels that would allow for accurate comparisons between multiple patient lines.
Therefore, we attempted to increase CPEC derivation efficiency by employing a SMAD
inhibition (STEMCELL technologies kit), neural induction approach, which has been shown

to increase neural induction efficiency in iPS and ES cells (Chambers et al., 2009).

The basic neural induction approach gave rise to iPSC-CPEC cultures that formed large
vesicle-like structures, and smaller multilayered structures that coincide in size and
location with TTR-positive cells (Figure 3.8, A and B). In contrast, the SMAD inhibition
neural induction approach gave rise to mono-layered TTR-positive cultures that span the
entire surface (Figure 3.8, B). CPEC marker co-expression was not detected in these
cultures (Figure 3.9, A-C). In particular, AQ1-positive cells did not correspond to cells with
high TTR immunoreactivity (Figure 3.9, A), and neither did CLDN1-positive cells (Figure
3.9, C), suggesting these cells do not resemble true iPSC-CPECs, and a high degree of
culture heterogeneity. Based on these results, the investigation of other approaches will be

necessary to improve CPEC derivation from iPSCs.

DISCUSSION

CPECs produce most of the CSF in the central nervous system (Damkier et al., 2013), and
the CSF EV contribution by the ChP appears significant, based on evidence that proteins
exclusively expressed in CPECs are enriched in CSF EVs (Balusu et al., 2016). Based on this,
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it follows that CPECs are an ideal model to investigate CSF EV secretion. In this chapter, we
showed that hnRNPA2B1 protein localization is affected by proteostatic stress and
SUMOylation. Furthermore, we provide preliminary evidence suggesting a reduction of
hnRNPA2B1 levels in CSF EV postmortem samples from HD patients. We also show,
through preliminary proof-of-concept studies, that CPECs can be derived from HD patient
iPSCs, although future optimization of the protocol will be necessary to improve derivation

efficiency and decrease line-to-line variation.

The inhibition of SUMOylation with anacardic acid resulted in the appearance of
cytoplasmic hnRNPA2B1 puncta in rat Z310 CPECs, suggesting that SUMO modification
affects hnRNPA2B1’s cellular localization. In fact, SUMOylation is known to stabilize
proteins and affect their cellular localization (Wilkinson et al, 2010). It was recently
discovered that SUMOylation also plays a role in the disassembly of SGs (Marmor-Kollet et
al., 2020), structures that hnRNPA2B1 and other hnRNP members are recruited to in the
presence of ALS-associated mutations (Martinez et al.,, 2016). Taken together, these data
support the hypothesis that SUMOylation of hnRNPA2B1 inhibits hnRNPA2B1-hnRNPA2B1
interactions, similar to its function in SG disassembly. When SUMOylation of hnRNPA2B1 is
inhibited, increased hnRNPA2B1-hnRNPA2B1 interactions in the cytoplasm may result in
the sequestration of free-floating hnRNPA2B1 into granular structures. If this is the case,
and SUMOylation of hnRNPA2B1 is altered in HD, this could in turn affect miRNA packaging

into CSF exosomes.

The CPEC derivation studies support previous findings that BMP4 is sufficient to instruct

CPEC fate (Watanabe et al, 2012). Preliminary comparisons between 33Q control and
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109Q HD iPSC-derived CPECs suggest tight junctions and cilia structures may be affected in
HD. Relevant to these findings, previous studies suggest tight junction formation is
disrupted in iPSC-derived HD brain microvascular endothelial cells (Lim et al., 2017), and
that ciliogenesis is disrupted in response to mHTT expression (Keryer et al.,, 2011). If these
structures are truly disrupted in HD CPECs, CSF contents may be affected as a result of
blood-CSF barrier leakage and altered CSF production orchestrated by primary cilia. In
addition to optimizing the CPEC derivation protocol to allow for large scale differentiations
to compare among multiple patient-derived cell lines, future studies might benefit from
investigating the CSF proteome and metabolome, which has been shown to be affected in
ALS and Alzheimer’s disease due to disruption of the blood-CSF barrier (Saul et al., 2020;
Serot et al., 2003). Additionally, postmortem tissue studies can be used to validate CPEC

tight junction disruption and altered cilia formation in the brains of HD patients.

In conclusion, we demonstrate feasibility for the generation of CPECs from patient-derived
iPSCs to investigate HD-dependent phenotypes. Future optimization approaches will be
needed to increase derivation efficiency and culture homogeneity. Our findings suggest that
inhibiting the SMAD pathway does not result in enhanced CPEC derivation. Other avenues
should be investigated, such as increasing culture comparability across multiple lines at the
time of BMP4 or CPEC media introduction, introducing additional signaling molecules to
further instruct CPEC fate, or testing alternative extracellular matrix components. These
improvements will allow for mechanistic studies to address the influence that intercellular
CSF EV communication has on health and disease. Specifically, this in vitro model could be
employed to help answer specific questions that arise from the findings presented in
Chapter 2 of this dissertation.
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EXPERIMENTAL PROCEDURES

Z310 cell transfection and MG132 treatment

Z310 rat CPECs were cultured as previously described (Zheng et al., 2002). Briefly, cells were
grown in Dulbecco’s Modified Eagle’s Medium (cat. #D6429, Millipore Sigma) supplemented
with 10% FBS (cat. #F6178, Millipore Sigma), and 10 ng/mL EGF (cat. #236-EG, R&D Systems)
in a humidified incubator at 37°C. Cells were passaged (1:7) 3 times a week and plated onto 6-
well plates for transfections with Lipofectamine 2000 (cat. #11668027, Thermo Fisher;
construct 97QP- VL*-eGFP cDNA at 0.5 ug, 1 ug, and 2 ug) and MG132 treatment (cat. # M8699,

Millipore Sigma, 2.5 uM for 18 hours).

Soluble/insoluble fractionation

Soluble/insoluble fractionation protocol was done as previously described (Ochaba et al., 2018).

Filter retardation assay

30 ug of detergent-insoluble protein in 200 uL of 2% SDS was boiled for 5 min and run through a
dot blot apparatus under a vacuum onto a cellulose acetate membrane. The membrane was then
washed 3 times with 1% SDS and blocked in 5% milk and processed for western blot analysis.

Filter retardation protocol was previously described (Sontag et al., 2012; Wanker et al. 1999).

Western blot analysis

4-12% Bis-Tris and 3-8% Tris-Acetate gels (Invitrogen) were used for SDS-PAGE, proteins

were transferred to nitrocellulose or polyvinylidene difluoride membranes, and non-

specific proteins were blocked with either StartingBlock (Thermo Scientific), or 5% milk

for EV proteins. Chemiluminescence was used to detect proteins. Primary antibodies were

used as follows: hnRNPA2B1 (1:500, cat. #sc-374053, Santa Cruz Biotechnologies); Alix

(1:1000, cat. #ab186429, abcam); TSG101 (1:1000, cat. #ab83, abcam); Cytochrome C
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(1:500, cat. #ab13575, abcam); alpha-tubulin (1:1000, cat. # T5168, Millipore Sigma), D7F7
(1:500, cat. # 5656, Cell Signaling), GFP (1:1000, cat. #632592, Clontech), SUMO1 (1:500,
cat. #BML-PW9460-0025, Enzo Life Sciences), SUMO2/3 (1:500, cat. #51-9100, Zymed).
Primary antibodies were conjugated to an HRP secondary (cat. # G-21040 and G-21234,
Thermo Fisher), and detected using Pico (cat. # 34579, Thermo Fisher) or Dura (cat. #

34076, Thermo Fisher) on Kodak film.

Anacardic acid treatment of Z310 rat CPECs

7310 cells were grown on 24-well plates with Poly-D-Lysine/Laminin coated coverslips
(Corning BioCoat 12mm glass coverslips, cat. # 08-774-385, Fisher Scientific) and
maintained in Dulbecco’s Modified Eagle’s Medium (cat. #D6429, Millipore Sigma)
supplemented with 10% FBS (cat. #F6178, Millipore Sigma) and 10 ng/mL EGF (cat. #236-
EG, R&D Systems). Upon reaching 60-70% confluency, cells were treated with DMSO or the
small molecule SUMOylation inhibitor anacardic acid (125 uM, cat. #A7236-5MG, Millipore

Sigma) as previously described in Fukada et al., 2009.

ExoQuick EV isolation and protein extraction

ExoQuick (cat. #EXOTC10A-1, System Biosciences) was utilized for EV protein extraction
from post-mortem CSF samples. CSF was precleared by centrifugation at 3000xg for 15 min
at 40C, and incubated with ExoQuick precipitation solution (650 uL CSF:164 uL ExoQuick)
overnight at 40C. The ExoQuick/CSF mixture was then centrifuged at 1500 xg for 30 min at

40C. The supernatant was recovered as ‘background’ and the pellet as ‘EV fraction.’
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Whole cell and EV lysis

Cells and EV pellets were lysed using RIPA lysis buffer (1M Tris (pH7.4), 5M NaCl, 0.5M
EDTA (pH8.0), 20% NP40, 20% SDS, and protease inhibitors). Cell pellets were sonicated 2
times (10 pulses), and EV pellets were sonicated 3 times (5 min each) with 1 min vortexing

in between. Protein concentration was quantified using the Lowry protein assay.

CPEC differentiation from human iPSCs and ESCs

iPSCs or ESCs were plated on Matrigel (1mg/6émL Matrigel Growth Factor Reduced, cat.
#354230, Corning) coated 4-well chamber slides (cat. #PEZGS0416, Millipore Sigma) at
about 20-30 clumps of 50-150 um in diameter per chamber. For single cell seeding
protocol, cells were seeded at 500,000 cells per chamber. Cells were seeded with mTeSR 1
media (cat. #85850, STEMCELL Technologies) or E8 media (cat. #05940) supplemented
with 10 uM ROCK inhibitor (cat. #Y-025, R&D Systems), and maintained in mTeSR/E8
without ROCK inhibitor for 2 days. On the first day of neural induction (day 0), mTeSR/E8
media was removed and cells were fed either PSC Neural Induction Media (cat.
#A1647801, Thermo Fisher) or STEMdiff SMADi Neural Induction Media (cat. # 08581,
STEMCELL Technologies). Cells were full-fed daily except on days 2 and 4, and
supplementation with BMP4 (cat. #314-BP-010, R&D Systems) was started on day 1.
Neural induction was halted on day 5, and media was completely switched to CPEC
differentiating media: Gibco Advanced DMEM/F12 (cat. # 12-634-010, Fisher Scientific),
N2 (100X, cat. #17502048, Thermo Fisher), NEAA (100X, cat. #11140050, Thermo Fisher),
Heparin 0.2% (cat. #07980, STEMCELL technologies), BMP4 (cat. #314-BP-010, R&D

Systems). Cells were half-fed every day until day 35, with BMP4 removed on day 16.

152



RNA extraction and qPCR of CPEC markers

iPSC-CPEC cultures were harvested and flash-frozen at three timepoints (final day of neural
induction, CPEC day 15, and CPEC day 35). Pellets were homogenized in TRIzol (cat.
#A33251, Thermo Fisher) and RNA was collected following the manufacturer’s procedures,
and purified using RNEasy Mini kit (cat. # 74104, QIAGEN). Residual RNA was removed by
DNase treatment following the RNEasy protocol following manufacturer’s suggestion.
Following RNA isolation, the SuperScript 3 first-strand synthesis system (cat. #11904018,
Thermo Fisher) was used to perform reverse transcription following the manufacturer’s
protocol. Oligo (dT) and random hexamer primers were used in a 1:1 ratio with a total of
1ug RNA per sample. Synthesized cDNA was diluted 1:10 in DEPC treated water and stored
at -20°C until further use. The following human primers were used to determine CPEC
identity of iPSC-derived cells across three multiple derivation timepoints: CLDN1 (F:
CCTCCTGGGAGTGATAGCAAT, R: GGCAACTAAAATAGCCAGACCT), KL (F:
CCCTAAGCTCTCACTGGATCA, R: GGCAAACCAACCTAGTACAAAGT), AQP1 (F:
AGCCCTGGCTGTACTCATCT, R: ACCCTGGAGTTGATGTCGTC), TTR (F:

ATCCAAGTGTCCTCTGATGGT, R: GCCAAGTGCCTTCCAGTAAGA).

Immunofluorescence staining

Cells were fixed with 4% PFA for 10 minutes and washed 3x5 minutes in 1X PBS, blocked
with 5% normal donkey serum (cat. #017-000-121, Jackson Immuno Research
Laboratories) in 0.3% Triton X-100 for 20 minutes, and incubated in primary antibody
overnight at 4%C in 1% Normal Donkey Serum (cat. #017-000-121, Jackson Immuno
Research Laboratories) in 0.3% Triton X-100. The following primary antibodies were used:
TTR (1:3000, cat. #ab9015, abcam), CLDN1 (1:500, cat. #71-7800, Thermo Fisher), AQP1
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(1:1000, cat. #AB2219, Millipore), AE2 (1:250, cat. #sc-376632, Santa Cruz
Biotechnologies), ARL13B (1:1000, cat. #17711-1-AP, Proteintech), PCM1 (1:500, cat. #sc-
398365, Santa Cruz Biotechnology), CAV1 (1:500, cat. #ab17052, abcam), ZO1 (1:500, cat.
#339100, Thermo Fisher), SUMO1 (1:500, cat. #BML-PW9460-0025, Enzo Life Sciences),
hnRNPA2B1 (1:250, cat. #sc-374053, Santa Cruz Biotechnologies). The next day, cells were
washed 3x5 minutes in 1X PBS and incubated in secondary antibodies diluted in 1%
Normal Donkey Serum in 0.3% Triton X-100. The following secondary antibodies were
used: Alexa Fluor donkey anti-rabbit 488 (1:400, cat. #A-21206, Thermo Fisher), Alexa
Fluor donkey anti-sheep 555 (1:400, cat. #A-21436, Thermo Fisher), Alexa Fluor donkey
anti-mouse 555 (1:400, cat. #A-31571, Thermo Fisher). Cells were washed 3x5 minutes in
1X PBS, incubated in DAPI for 10 minutes at room temperature, washed 3x5 minutes in 1X

PBS, and coverslips were mounted using Fluoromount-G (cat. #00-4958-02).

Cell culture imaging
Brightfield images were taken with an EVOS Digital Inverted Brightfield and Phase Contrast
Microscope (Invitrogen™ AME3300). Confocal images were acquired with an Olympus

FLUOVIEW FV 3000 microscope.

154



CHAPTER 3

FIGURES
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Figure 3.1. MG132-dependent
proteostatic stress results in
mislocalization of
hnRNPA2B1 in rat CPECs
expressing mHTT. Z310 rat
CPECs overexpressing
mHTT(Exon  1)-97Q  were
treated with the proteasome
inhibitor MG132, which
resulted in the mislocalization
of hnRNPA2B1 and SUMO.
Western blot of detergent
soluble and insoluble protein
fractions shows that MG132
treatment results in A)
hnRNPA2B1 shift to soluble
fraction, B) increased
fragmentation and
accumulation of full length HTT,
and D) decrease of SUMO 1 and

E) SUMO 2/3. G) Filter
retardation assay of the
insoluble fraction shows

mislocalization of SUMO 1 and
SUMO 2/3 in insoluble fibrillar
aggregated species. C) and F)
are controls for transfection
and loading, respectively. FL-
HTT= full length HTT.
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Figure 3.2. Inhibiting protein SUMOylation in Z310 rat CPECs results in
mislocalization @ of hnRNPA2B1 into cytoplasmic puncta. A)
Immunofluorescence staining of hnRNPA2B1 (In red) and SUMO-1 (in green) in
7310 rat CPECs treated with the small molecule SUMOylation inhibitor anacardic
acid (AA). B) Cells treated with AA (as described in Fukuda et al., 2009), show
mislocalization of hnRNPA2B1 into the cytoplasm compared to DMSO treated cells.

Percentage of hnRNPA2B1 puncta in cytoplasm: DMSO= 8%; AA=60%; p=3.73x10'7,
N=7. Scale bar = 20 um.
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Figure 3.3. Potential reduction of hnRNPA2B1 protein levels in HD patient-
derived postmortem CSF EVs. EVs were isolated from postmortem HD and
control patient CSF samples, EVs were lysed, and protein contents were analyzed
by western blot. The ‘EV’ fraction contains proteins packaged in EVs, while the
‘CSF background’ fraction contains proteins free-floating in CSF. For western blot
A) N=1 HD, 1 control, and western blot B) N= 3 HD, and 2 control, hnRNPA2B1
levels (boxed in red) are decreased in the HD samples compared to controls. The
established exosome markers Alix and TSG101 were detected in the EV fraction
only, suggesting this fraction is enriched with exosomes and that there was no
significant leakage into the CSF background fraction for any of the samples.
Cytochrome C is a mitochondrial marker and should only be detected in whole
cell samples. Z310 lysate= whole cell sample control.
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Figure 3.4. Human-derived iPSCs and H1 ESCs throughout BMP4-induced CPEC
derivation. A) The 35-day CPEC derivation protocol starts with seeding of either iPSCs
or ESCs in small clumps, which are allowed to expand in iPSC/ESC maintenance media
for 2 days. On day 5, neural induction is started with BMP4 addition starting at day 1.
On the last day of neural induction, CPEC D5, the neural induction media is switched to
CPEC differentiating media until day 35. B) Brightfield microscopy images of iPSCs
under two maintenance media conditions (E8 vs mTeSR media), and H1 ESCs (E8
media), taken throughout the BMP4-induced CPEC derivation protocol. During neural
induction day 1 (NID1), cell colonies remain isolated. By the start of CPEC derivation
on CPEC D1, cell colonies have merged and multi-layered cell areas with folds begin to
appear. These continue to grow into thicker layers with more folds throughout the
derivation until the final day, CPEC D30. iPSCs grown with mTeSR maintained media
formed prominent vesicle-like, fluid-filled, structures by CPEC D25 (red arrow). Images
were taken at 10X and 20X magnification.
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Figure 3.5. CPEC marker immunoreactivity in iPSC- and H1 ESC-derived
CPECs at final day of derivation. Derived CPECs were fixed at final day of
derivation and CPEC markers were examined by immunofluorescence. CPEC
markers examined included AQP1 (in green), AE2 (in red), CLDN1 (in green),
and TTR (in red). Control iPSC-CPECs grown in A) E8 iPSC maintenance media
did not form as many CLDN1 tight junctions co-localized with TTR as control
iPSCs grown in B) mTeSR media. Overall, iPSCs grown in mTeSR media
resulted in a higher amount of CPEC marker co-localization, encompassing
larger areas, than those grown with E8 media. C) ESCs had larger areas of
TTR-positive cells, and highest amount of CPEC marker co-localization, than
iPSCs from any condition. Images were taken at 40X and 160X magnification.
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Figure 3.6. Control 33Q iPSC-derived CPECs express characteristic CPEC
markers. Immunofluorescence of CPEC markers at the final day of derivation
suggests that iPSC-CPECs form cellular structures that are characteristic of
CPECs. Cells express A) the aquaporin channel AQ1 (in green) and the ion
transporter AE2 (in red), B) the tight junction protein CLDN1 (in green) and
transport protein TTR (in red), and C) cilia protein ARL13B (in green). D) Of
note, iPSC-CPECs appear to be following the expected apical-basolateral
polarization based on localization of AQ1 and AE2 across a cell layer. Images
were taken at 120X and 240X magnification. E) Expression level of CPEC gene
markers at neural induction, CPEC day 15, and CPEC day 35. The fold changes
were plotted on a logarithmic scale due to the remarkably large fold change
increase of CPEC markers on the final day of differentiation compared to neural
induction. N=1 per differentiation stage.
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Figure 3.7. Potential tight junction and cilia formation deficits in HD
iPSC-derived CPECs. iPSC-derived CPECs were fixed on the final
derivation day (CPEC D35) and immunofluorescence was used to
examine tight junctions and cilia. A) Tight junctions were stained with
the tight junction marker CLDN1 (in green), and co-stained with TTR (in
red). The 109Q HD line formed less defined, punctate, tight junction
structures compared to the 33Q control. B) Cilia were stained with the
cilia marker ARL13B (in green), and co-stained with TTR (in red). The
109Q HD line formed visibly larger cilia compared to the 33Q control.
Tight junction images were taken at 240X magnification, and cilia images
at 400X magnification.
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Figure 3.8. General TTR expression in 33Q control iPSC-derived CPECs
using the clump-seeding (basic neural induction) approach versus the
single-cell seeding (SMADi neural induction) approach.
Immunofluorescence staining for CPEC marker TTR was used to qualitatively
assess the number of TTR-positive cells at the final day of differentiation. A)
iPSC-CPEC slide chamber at the final day of differentiation using the clump
seeding approach depicts large vesicle-like, fluid-filled, structures and small
multi-layered structures that coincide in size and location with TTR-positive
cells. B) Scanner images of TTR immunofluorescence suggest that the clump-
seeding approach gives rise to very few TTR-positive cells that localize to
discrete areas, and the single-cell SMADi approach gives rise to more TTR-
positive cells that are highly dispersed across the chamber. BNI = basic neural
induction.
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Figure 3.9. Discrepancy among CPEC markers in iPSC-derived CPEC
cultures using the single-cell seeding, SMADi neural induction
approach. Immunofluorescence staining for CPEC markers do not show
colocalization of key markers that are used to suggest CPEC identity,
suggesting cultures are not reaching the expected level of maturity. A)
Cells that are positive for AQl are not TTR positive, and AE2
immunoreactivity follows a diffuse pattern that is not indicative of CPECs.
B) ARL13B and ZO1 are readily detected, however they do not colocalize
to TTR-positive cells. C) CLDN1 and CAV1 are detected, however they do
not localize to TTR-positive cells. Images were taken at 10X and 20X
magnification.
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DISSERTATION CONCLUDING REMARKS

Data provided in this dissertation show, for the first time, evidence of SG neuropathology in
HD mouse and human patient brain. SG formation results from the activation of cellular
stress pathways and function to restore cellular homeostasis by temporarily sequestering
stalled mRNA transcripts. However, in the case of neurodegeneration and aging, SGs persist
and can function as a focal point for the aggregation of disease-associated proteins
(Wolozin et al., 2019). Similarly, the cellular stress resulting from chronic mHTT expression
likely results in the accumulation of SGs. My findings suggest that SG persistence, much like
it has been identified in ALS and frontotemporal dementia, is also a neuropathologic

feature of HD.

The first chapter of this dissertation provided evidence for the homeostatic flux of mHTT
over a longitudinal period of disease progression. Multiple tissue lysis methods and
biochemical assays were investigated in conjunction with behavioral readouts to establish
a baseline for the detection of accumulated mHTT exon 1 protein species. In turn, this
better understanding of mHTT accumulation dynamics over disease progression in R6/2

mice aided the experimental design of the SG pathology study introduced in Chapter 2.

In the second chapter of this dissertation, we show that G3BP1-positive SGs are detected in
in vivo HD models and patient brain tissue, and that G3BP1-positve SG accumulation is a
neuropathologic characteristic of HD. We also show that miRNAs that are different
packaged in the CSF EVs of HD patients potentially target G3BP1 and other SG components
that are differentially expressed in the prefrontal cortex of HD patients. In addition to this,

we identified specific miRNAs that target the accumulation of G3BP1-positive SGs in vitro,
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an approach that may have therapeutic implications for multiple neurodegenerative

diseases in which SG accumulation is a feature.

Because neurodegeneration results in the chronic activation of cellular stress pathways, SG
formation in mouse model and human brains is likely to have different properties than
those which orchestrate SG formation in vitro under acute stress conditions. Despite these
differences, the majority of the work that currently defines SG properties has been done in
vitro using acute stress conditions. The few studies that have investigated chronic SG
formation in vitro, which is defined as a stress condition lasting six hours or longer, suggest
that some of the components in chronic SGs differ from those of acute stress SGs (Reineke
et al,, 2019). For example, while SGs resulting from chronic nutrient starvation contain
translation initiation factors, RBPs, and mRNAs, they lack 18s rRNA and the 40S-associated
proteins RPS6 and RACK1. In addition, these chronic SGs do not actively exchange their
contents with the cytoplasm as in the case of acutely formed SGs. Under these conditions,
SG depletion results in improved cell survival, a finding that contradicts the pro-survival
function of SGs that result from acute stress. Furthermore, the presence of SGs in cells that
express disease-associated proteins with intrinsically disordered domains, such as in the

case of HD, might lead to the exacerbation of protein toxicity via cross-seeding interactions.

In chapter 3, we explored the effect of cellular stress and SUMOylation on hnRNPA2B1
cellular localization, and show that EV hnRNPA2B1 protein levels might be depleted in the
CSF of HD patients. These CSF EV studies were limited by the lack of reliable loading
controls for EV proteins. Due to the fact that different EV and exosome subpopulations

exist, and the contents for these vary across cell types (Willms et al., 2016), there is a lack
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of consensus as to which loading markers to use for CSF EVs. The EV markers used in our
studies, Alix and TSG-101, which have been adopted by the International Society for
Extracellular Vesicles, were detected in the EV fraction only. This suggests the EV isolation
procedure was successful and EV contents did not leak during processing. Interestingly,
Alix protein levels appear to be higher in the HD samples compared to controls, suggesting
a potential HD-dependent phenomenon that could be further investigated. Future studies
will explore the use of a total protein stain as a normalization approach. In an attempt to
generate an in vitro model system in which to investigate the cellular and molecular
mechanisms underlying CSF EV miRNA secretion, we explored the possibility to generate
CPECs from HD patient and control iPSCs. While our preliminary data suggest the
generation of this in vitro system is likely feasible, future optimization will be necessary in

order to allow for large scale comparisons among multiple patient-derived cell lines.

Altogether, the data presented in this dissertation supports the notion that SG pathology is
a shared pathologic feature in various neurodegenerative diseases. The accumulation of
G3BP1-positive SGs in the HD brain likely results from chronic stress mediated by mHTT
expression. This stress response, in turn, may be regulated by intercellular communication
via the distribution of EV miRNAs in the CSF. Given that the CSF is in contact with multiple
regions of the central nervous system, and that non-contiguous brain regions are
progressively affected in HD patient brain, the cells that produce CSF and maintain its
homeostasis are a potential player in HD progression. My preliminary data provide initial
evidence for the feasibility of generating CPECs from HD-patient derived iPSCs, and

encourage future investigations to interrogate altered CPEC phenotypes in HD. In
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conclusion, these data emphasize the importance of defining the impact of CSF-mediated

intercellular communication in the progression of HD pathology.

Future directions

A pivotal and outstanding question is whether SGs found in the brains of
neurodegenerative disease patients is protective or deleterious. One way to address this
question is to carry out preclinical studies on mouse models of neurodegeneration that
focus on investigating the effect of SG modulators on disease progression. As described
earlier, different approaches have been utilized to modulate SGs in vitro and in vivo (Kim et
al, 2014; Radford et al, 2015; Zhang et al, 2018). In addition to continuing our studies with
G3BP1-targetting miRNA mimics in vitro with the goal of one day testing them in mice, we
are also investigating the use of a SG disaggregase to inhibit SG formation in vivo. The
TRiC/CCT chaperonin protein has been detected in SG cores and identified as an inhibitor
of SG formation (Jain et al., 2016). TRiC/CCT has been and is actively being investigated by
our laboratory and collaborators for its potential to inhibit the aggregation of mHTT
(Behrends et al,, 2006; Kitamura et al., 2006; Tam et al., 2006). Overexpression of a single
subunit, CCT1, is sufficient to alter aggregation and reduce HTT-induced toxicity in
neuronal cells (Tam et al. 2006). Excitingly, ApiCCT1’s apical domain crosses the cell
membrane, and reduces oligomeric and insoluble mHTT in an in vitro HD model (Sontag et

al, 2013).

Based on previous findings that TRiC/CCT inhibits stress granule assembly potentially by
inhibiting interactions between polyQ domains on SG components (Jain et al., 2016), we
will overexpress the apical domain of the TRiC/CCT subunit CCT1 (ApiCCT1) in the brains
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of R6/2 mice. ApiCCT1 will be delivered with an AAV-PHP.eB-ApiCCT1 vector using retro-
orbital intravenous administration, which results in transduction of 69% cortical and 55%
striatal neurons (Chan et al, 2017; unpublished results). ApiCCT1 is engineered to be
secreted from transduced cells by fusion to an IL2 signal sequence leader peptide, which is
predicted to allow for increased biodistribution since ApiCCT1 is permeable to the cell
membrane (Sontag et al., 2013). R6/2 mice, in which we show the G3BP1-positive SG
phenotype can be detected at 12 weeks, will be treated at 5 weeks and sacrificed at 12
weeks for SG detection using immunofluorescence. Brain regions investigated will include
the cortex, striatum, and hippocampus. The degree of mHTT aggregates and total CCT
immunoreactivity will also be assessed. Based on our previous observations, G3BP1-
positive SG accumulation starts sometime between 8 weeks and 12 weeks of age. Because
successful transduction efficiency has been characterized at 3 weeks after administration
(Chan et al., 2017), treatment at 5 weeks should allow enough time for neurons to be
transduced before the onset of G3BP1-positive SG accumulation. Tissue will be processed

and analyzed with the methods used in Chapter 2.

In addition to investigating ApiCCT1 as a modulator of SG accumulation, these studies will
allow us to determine whether the use of a virus as delivery approach will interfere with SG
dynamics in response to activation of the immune response. In the case that viral delivery
proves to be problematic for SG modulation studies, EVs can be explored as a delivery
mechanism. As in the case of viruses, EVs cross the BBB, are stable in both physiologic and
diseases environments, and deliver their contents directly to cells (Li et al, 2019). In
addition to this, EVs have been shown to have low toxicity and immunogenicity (Zhu et al.,
2017), a characteristic that potentially arises due to their very small surface area.
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Because EVs carry and deliver their contents to recipient cells under physiological
conditions, they are being actively explored as a natural drug carrier system. Excitingly, at
least eleven clinical trials are underway to determine the safety and efficacy of EV-based
therapeutics (Elsharkasy et al., 2020). Various EV loading techniques can be employed to
package the drug of interest either during EV biogenesis, or at the EV isolation stage. In
terms of routes of administration, EVs are commonly administered by a direct injection to a
region of interest, or systemically via intranasal or intravenous administration (Lakhal et
al, 2011; Yi et al, 2020). Interestingly, a study done with a mouse model of striatal
ischemia showed that intranasally delivered EVs selectively accumulate at the lesion site
(Betzer at al., 2017), suggesting that this non-invasive route of administration might be of
use in the treatment of neurodegenerative diseases. Another study which investigated
intranasal EV biodistribution in status epilepticus-induced rats as well as naive rats found
that EVs are incorporated into neurons and microglia in most regions of the forebrain,

including the cerebral cortex, hippocampus, and striatum (Kodali et al., 2020).

Many of the SG modulating approaches that have been investigated rely on the inhibition of
upstream SG regulators, such as PERK, which are involved in mechanisms that extend
beyond the SG induction pathway. Based on this, recent efforts have focused on finding
reagents that disrupt the nonspecific weak interactions that hold SGs together. The
targeting of G3BP1 by miRNAs and overexpression of ApiCCT1 are hypothesized to bypass
inhibition of upstream stress response regulators that often result in toxic off-target effects.
Thus, they might serve as additional viable approaches to therapeutically target SGs and

warrant further investigation in pre-clinical mouse studies.
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Based on our findings and the potential for HTT aggregates to participate in cross-seeding
with SG components, we speculate that the SG pathology in HD may result from an
accumulation of SGs that perhaps initially served a protective function, but develop into
hyper-stable structures due to chronic mutant HTT-mediated stress and compromised
autophagy (Buchan et al., 2013, Cortes et al., 2014). Specifically, HTT is essential for normal
selective autophagy in mice, and loss of wildtype HTT function may play a role in the
dysregulation of SG clearance by granulophagy — a type of selective autophagy (Ochaba et
al, 2014). Over time, chronic sequestration of SG components in pathogenic aggregate
structures may exacerbate protein toxicity in the cell, and cause cells to lose their ability to
form SGs in response to additional stress. The therapeutic modulation of SGs in models of
neurodegeneration will elucidate the impact of SGs at various timepoints of disease
progression, and allow for the identification of a time window in which SG modulation is

protective and optimal.

In this dissertation, we provide evidence that SG accumulation is a feature of HD pathology,
and propose that it may be modulated by intercellular communication via CSF EV miRNAs.
Because SG accumulation in neurodegenerative disease likely results from chronic cellular
stress, and because there is evidence that chronic SGs are deleterious unlike acute stress
SGs, we recommend that future studies examine SG accumulation in in vivo models of
neurodegeneration. We also suggest that future studies investigate the role of other SG
components in the HD brain, keeping in mind that these could potentially interact with
mHTT aggregated species and exacerbate toxicity. Lastly, we recommend that the targeting

of SGs be considered a new avenue for HD therapeutics.
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