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Abstract

Chromatin Accessibility and Transcription Dynamics During In Vitro Astrocyte
Differentiation of Huntington’s Disease Monkey Pluripotent Stem Cells

By

Alexandra V. Goodnight

Huntington’s disease (HD) is a neurodegenerative disorder caused by a CAG repeat
expansion, producing a mutant huntingtin (mHTT) protein with an extended polyglutamine tract.
Evidence exists showing transcriptional dysregulation across neurodevelopment contributes to HD
pathogenesis by disrupting many cellular processes. Additionally, aberrant epigenomic profiles
have been reported in HD, but their impact on transcription remains unclear. Most HD research
has focused on understanding the mechanisms of neuron degeneration, but neurons require
astrocytes for normal development, function and survival. Recent evidence suggests that astrocytes
not only contribute to, but are sufficient to trigger, neuronal dysfunction and HD pathogenesis,
highlighting their pathogenic role, as well as potential therapeutic value in HD. However,
transcriptional and epigenomic dysregulation in HD astrocytes has not been fully examined. Using
pluripotent stem cells (PSCs) from transgenic HD non-human primates (NHP), we characterized
global transcription and chromatin accessibility dynamics during in vitro astrocyte differentiation.
We show genomic alterations in accessibility and transcription at all stages; however, trends
observed throughout differentiation are established in neural progenitor cells (NPCs), after
commitment to a neural lineage. Promoter-proximal accessibility is not associated with
transcriptional changes. Differential distal accessibility, including a subset of NHP putative brain
enhancers, show trends across astrogenesis. We also found p53 signaling and cell cycle
dysregulation across HD differentiation, with observed down regulation of cell cycle genes in
NPCs and aberrant cell cycle reentry and apoptosis in astrocytes. Interestingly, E2F target genes
(ETGs) show this inverse expression between HD NPCs and astrocytes. While this coincides with
differential E2F motif enrichment at promoters genome-wide, ETG promoter accessibility did not
reflect differential expression patterns. Closer examination revealed that ETG expression shows
stronger association with accessibility at nearby putative enhancers, suggesting interactions
between regulatory elements, possibly enhancers, and promoters may drive aberrant transcription
profiles across HD differentiation, highlighting the complex interplay of epigenetic mechanisms
contributing to the HD transcriptome. Taken together, these results show altered chromatin
accessibility and transcription throughout in vitro HD astrocyte differentiation and suggest E2F
dysregulation may cause alterations in cell cycle and apoptosis pathways as HD NPCs differentiate
towards astrocytes.
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Chapter 1: General Introduction

1.1 Huntington’s disease

Huntington’s disease (HD) is a fatal, autosomal dominant neurodegenerative disease
currently affecting about 30,000 symptomatic Americans (NINDS, 2018). HD is characterized by
progressive brain atrophy, initiating in the striatum and subsequently extending to other brain
regions, along with cognitive decline, psychiatric disturbances and motor dysfunction (e.g., chorea,
dystonia), with a typical onset of symptoms at 35-55 years old (Zuccato et al., 2010). Despite the
fact that HD is the most common inherited neurodegenerative disorder (Landles et al., 2004), there
are currently no cures or therapies available to slow or reverse disease progression; however,
several potential therapeutic strategies have been identified (Gagnon et al., 2010; Hu et al., 2009;
Watts et al., 2012; Yu et al., 2012). HD is caused by a CAG trinucleotide repeat (TNR) expansion
in exon 1 of the huntingtin gene, HTT (Macdonald et al., 1993). HD is one of over 20 human
diseases caused by TNR instability. TNRs, such as CAG, are among the most variable loci in the
human genome due to their high mutation rate (Payseur et al., 2011). While healthy individuals
have < 36 CAG repeats, HD is characterized by > 40 repeats, and the repeat size is inversely
correlated with disease onset and severity (Gil et al., 2008; Goldberg et al., 1994; Langbehn et al.,
2010; Lietal., 2006; Snell et al., 1993). Furthermore, HD and other TNR diseases are characterized
by genetic “anticipation”, where an increase in repeat length occurs through successive generations
and leads to earlier onset and greater severity of symptoms (McMurray, 2010; Orr et al., 2007).

In HD, the CAG expansion produces an extended polyglutamine (polyQ) tract at the N-
terminus of the HTT protein, resulting in a mutant HTT protein (mHTT) (Davies et al., 1997,
DiFiglia et al., 1997; Sieradzan et al., 1999). Cleavage of mHTT by proteases generates protein

fragments containing the abnormal polyQ tract (Scherzinger et al., 1997). These fragments can



aberrantly interact with various critical proteins within neural cells and interrupt a myriad of
cellular processes including cell cycle regulation, mitochondrial activity, synapse function,
vesicular transport, signaling, and transcription (Cattaneo et al., 2005; Crook et al., 2013; Li et al.,
2006; Lopes et al., 2016; Ross et al., 2011; Saudou et al., 1998; Seredenina et al., 2012; Valor,
2015; Zuccato et al., 2010). Moreover, mHTT fragments can form aggregates and nuclear
inclusions, which are a hallmark cellular pathology of HD (Cattaneo et al., 2005; DiFiglia et al.,
1997, Sieradzan et al., 1999). These aggregates also aberrantly bind to and sequester transcription
factor (TFs), epigenetic enzymes, and other critical proteins, causing the disruption of necessary
cellular functions through transcriptional dysregulation (Davies et al., 1997; Crook et al., 2013;
Labbadia etal., 2013; Li et al., 2006). For example, a study using neuronal cultures from transgenic
HD mice showed that mHTT binds to and sequesters p53, causing repression of select pS3-target
genes (Steffan et al., 2000). In contrast, another study also demonstrated the mHTT-p53 interaction
in vitro, but reported this aberrant interaction resulted in increased p53 transcriptional activity (Bae
et al., 2005). p53 is involved in many diverse and tightly regulated processes, including cell cycle,
apoptosis, DNA repair, metabolism and mitochondrial function, which show deficits associated
with HD-mediated p53 dysfunction (Bae et al., 2005; Illuzi et al., 2011; Lu et al., 2015; Marcel et
al.,, 2018; Reynolds et al., 2018; Szlachcic et al. 2015; Vaseva et al., 2009). Increased p53
expression in the HD brain (Bae et al., 2005; Reynolds et al., 2018) and peripheral tissues
(Ehrnhoefer et al., 2014) have also been reported. However, the downstream transcriptome
consequences of aberrant mHTT interactions with TFs, such as p53, are not well defined.
Nevertheless, it is clear that despite the monogenic nature of HD, many complex cellular networks

and processes are impacted by the presence of mHTT in neural cells.



HTT is a large, ubiquitously expressed protein, with highest expression reported in the
adult brain and testes (Li et al., 1993; Sharp et al., 1995; Strong et al., 1993). Interestingly, HD
patients show similar distribution and expression of HTT and mHTT (Cattaneo et al., 2001). HTT
has widespread subcellular localization and interacts with over 350 other proteins, making defining
its role and function in specific cellular processes difficult (Goehler et al., 2004; Harjes et al., 2003;
Marco et al., 2013; Sauduo et al., 2016). Studies in mice have demonstrated that homozygous
knock-out of HTT results in embryonic lethality, suggesting that HTT is essential for embryonic
development (Nasir et al., 1995; Zeitlin et al., 1995). Work performed in various mouse models
has also demonstrated that sufficient expression of HTT is required for successful neurogenesis
and for the differentiation of embryonic stem cells (ESCs) into neural progenitor cells (NPCs), but
not pancreatic or cardiac progenitor cells, providing evidence that HTT plays a role in
neurodevelopment specifically (White et al., 1997; Wiatr et al., 2018; Yu et al., 2017).
Additionally, a plethora of other studies have demonstrated roles for HTT in transcription
regulation (e.g. brain-derived neurotrophic factor (BDNF)), facilitating vesicular transport,
synaptic transmission, cytoskeleton dynamics, regulating ciliogenesis and negatively regulating
apoptosis (Cattaneo et al., 2005; Harjes et al., 2003; Sauduo et al., 2016). It is likely that HTT
serves as a scaffold to multiple complexes responsible for coordinating cellular processes that are
temporally and spatially regulated based on external signals and cell types (Cattaneo et al., 2005;
Sauduo et al., 2016). In vivo and in vitro experiments have established HTTs involvement in many
cellular processes, but the key molecular mechanisms of mHTT and its pathogenic roles in HD
remain to be fully understood.

Evidence has suggested that the polyQ expansion in HD has both gain-of-function and a

loss-of-function activity in cells (Cattaneo et al., 2001; Cattaneo et al., 2005; Sauduo et al., 2016).



The original hypothesis was that HD pathology resulted from gain-of-function activity of mHTT
(Cattaneo et al., 2001; Cattaneo et al., 2005; Ross et al., 2011; Sauduo et al., 2016; White et al.,
1997). The earliest evidence for this came from the observation that HD follows a dominant
inheritance pattern (Ross et al., 2011). Similarly, the deletion of one H7T allele does not lead to
the development of HD, which indicates that the CAG expansion is necessary in one allele to cause
HD (Housman, 1995). This idea is further supported by the fact that HD individuals with
homozygous expansions do not have a more severe disease pathology, thus, the presence of a
normal allele in heterozygotes has no impact on disease phenotype (Durr et al., 1999; Wexler et
al., 1987). Additional evidence for a gain-of-function phenotype in HD is that the expanded CAG
repeat itself is toxic. Evidence from mouse studies, demonstrated that ectopic expression of CAG
repeats alone, outside an HD context, or with exon 1 of H7T causes a neurological phenotype and
cell death, suggesting mHTT takes on a new toxic activity (Mangiarini et al.,1996; Ordway et al.,
1997; Shao et al., 2007). On a molecular level, mHTT aggregates aberrantly interact with various
critical proteins, interfering with their activity and disrupting various cellular processes (Zuccato
et al., 2010). However, HD pathology is complex and cannot simply be explained by mHTT gain-
of-function mechanisms.

Through examination of HTT function, it has become evident that loss-of-function is also
involved in disease pathology. Conditional inactivation of HTT in the brains of mice resulted in a
progressive neurodegeneration, providing evidence that loss of HTT is sufficient for an HD-like
neurodegenerative phenotype (Dragatsis et al., 2000). Similarly, studies examining the effects of
reduced HTT levels in mice found that heterozygous H77T knockout impaired cognitive and motor
abilities, and lead to neurodegeneration (Nasir et al., 1995; O’Kusky et al., 1999). Molecular

studies have established that the loss of HTT function, specifically in regulating the transcription



and transport of an important neurotrophic signaling factor, brain-derived neurotrophic factor
(BDNF), contributes to HD pathology (Crook et al., 2013; Drouet et al., 2014; Gil et al., 2008; Xie
et al., 2010; Zuccato et al., 2007; Zuccato et al., 2009). Moreover, HTT downregulation in wild-
type (WT) neurons caused a reduction in BDNF transport to the same extent as observed in HD
cells (Gauthier et al., 2004). These studies provide evidence of a loss-of-function mechanism in
that the expansion of the CAG repeat in one allele produces a protein that is unavailable to perform
the normal molecular activities of HTT. Taken together, these studies illustrate the diverse
consequences of the polyQ expansion on HTT function and support the hypothesis that HD
pathology results from combined gain and loss of function effects (Cattaneo et al., 2001; Zuccato
et al., 2010).

Although most HD pathology is attributed to neuronal dysfunction (Ross et al., 2011), HTT
is ubiquitously expressed in all cells, including the brain and peripheral tissues, and pathology and
clinical features have been reported outside the central nervous system (CNS) (e.g. weight loss,
metabolic and immune disturbances, testicular atrophy) (Bjorkqvist et al., 2008; van der Burg et
al., 2009; Wild et al., 2008). Within the HD brain, atrophy of the striatum and cortex is evident
prior to clinical symptoms, and reductions in the thalamus and other brain regions occurs
subsequently as the disease progresses (Aylward et al., 2011; Aylward et al., 2012; Hadzi et al.,
2012; Rosas et al., 2008; Sapp et al., 1997; Tabrizi et al., 2013; Vonsattel et al., 1985; Waldvogel
et al., 2015; Wu et al., 2017). Although all neural cell types are affected, the y-aminobutyric acid
(GABA)-ergic medium spiny neurons (MSNs) of the striatum are particularly susceptible to
mHTT-induced toxicity and death (Deng et al., 2004; Halliday et al., 1998; Sapp et al., 1997,
Vonsattel et al., 1985; Waldvogel et al., 2015). Many studies have been performed to identify the

factors that make MSNs vulnerable. Loss of BDNF is well documented in HD mice and HD



patients (Baquet et al. 2004; Crook et al., 2013; Drouet et al., 2014; Gil et al., 2008; Xie et al.,
2010; Zuccato et al., 2007; Zuccato et al., 2009), and overexpression of BDNF can rescue certain
HD phenotypes in neuronal cells (Gharami et al., 2008; Lynch et al., 2007). Evidence suggests that
BDNF is necessary for striatal neuron survival, and its depletion in HD contributes to striatal
degeneration (Baquet et al., 2004; Strand et al., 2007). Another major contributor to MSN
vulnerability in HD is N-methyl-D-aspartate receptor (NMDAR)-mediated toxicity (Ross et al.,
2011; Zeron et al., 2002). NMDARs are a type of ionotropic glutamate receptor and are critical for
excitatory synaptic plasticity and neuronal survival (Raymond et al., 2011). However, in HD
neurons, dysregulated NMDAR expression and altered endocytic trafficking results in excessive
NMDAR activity, glutamatergic excitotoxicity and selective degeneration of MSNs (Hardingham
et al., 2010; Labbadia et al., 2013; Marco et al., 2013; Milnerwood et al., 2010; Okamoto et al.,
2009; Zeron et al., 2002). Suppression of NMDAR activity rescues the excitotoxicity phenotype
associated with mHTT (Marco et al., 2013). Although mHTT impacts many molecular processes,
it is clear that altered BDNF regulation and glutamate transmission are major contributors to the
selective striatal vulnerability reported in HD.

Until recently, most studies have focused on the mechanisms of HD pathogenesis in striatal
and cortical neurons. However, it is becoming evident that HD affects the whole brain, not just
certain neuronal populations. In fact, the growth, homeostasis and survival of all neurons requires
the activity of support cells called glia (astrocytes, oligodendrocytes, and microglial cells), which
make up about 90% of the human brain and are critical to the formation and function of neural
circuits (Allen et al., 2009; Barres, 2008; Belanger et al., 2011; Clarke et al., 2013). Currently,
only a paucity of data is available on the impact of mHTT on glia function and their contribution

to HD pathogenesis. Considering their integral role in CNS viability and function, understanding



how mHTT affects glial cells and their ability to support neurons and neural circuits will be
instrumental in better understanding HD pathogenesis and in identifying therapeutic strategies that
restore CNS homeostasis and the synergy of glia and neurons.

Astrocytes, a type of glial cell, are the most abundant cells in the brain and have many
critical roles in the CNS including, development, metabolic support of neurons, synaptic formation
and regulation, tissue repair, blood—brain barrier (BBB) maintenance, protection against oxidative
stress, and the homeostasis of glutamate, ions and water (Belanger et al., 2009; Belanger et al.,
2011; Phatnani et al., 2015; Volterra et al., 2005). Unexpectedly, recent studies have identified
additional roles for astrocytes in complex brain functions and behaviors, such as sleep homeostasis,
memory, and regulation of breathing, further emphasizing their importance to a properly
functioning brain (Gibbs et al., 2008; Gourine et al., 2010; Halassa et al., 2009). Astrocytes have
unique phenotypic features and structural organization that allude to their extensive dedication to
neuronal support. Each astrocyte has a cell body, thick vascular-associated processes known as
“endfeet”, and thin perisynaptic processes that ensheath synapses and establish connections to
many neurons and neural circuits (Belanger et al., 2011; Khakh et al., 2017; Sica, 2015). A wide
range of neurotransmitter receptors, growth factors and membrane transport proteins are localized
in the perisynaptic processes of astrocytes (Belanger et al., 2011; Sica, 2015). Astrocytes are
territorial; an astrocyte and its processes occupy their own anatomical domain with minimal
overlap between neighboring astrocytes (Belanger et al., 2011; Oberheim et al., 2009). Therefore,
within an astrocytic domain, a single astrocyte will make contact with up to two million synapses,
and support and maintain the associated neuron population (Belanger et al., 2011; Oberheim et al.,
2009; Sica, 2015). Considering their extensive involvement in neuronal function, it is not

surprising that astrocyte dysfunction results in inadequate support for domains of neurons and



compromised regions of neural circuits, contributing to pathology in neurodegenerative diseases
such as HD (Barres, 2008; Lobsiger et al., 2007; Maragakis et al., 2006; Phatnani et al., 2015; Sica,
2015).

Only recently have studies begun to characterize the impact of astrocyte function on HD
pathogenesis, despite the fact that intracellular mHTT aggregates were observed in the astrocytes
of HD mice and patients (Jansen et al., 2017; Khakh et al., 2017; Shin et al., 2005; Tong et al.,
2014). Transgenic HD mice selectively expressing mHTT in astrocytes below the endogenous
level, showed several HD phenotypes, including, loss of body weight, motor deficits and premature
death, demonstrating that low mHTT expression in only astrocytes is sufficient to lead to clinical
features similar to that of HD (Bradford et al., 2009). In vivo and in vitro astrocyte models
expressing mHTT demonstrated a significant reduction in the levels of two glutamate transporters,
solute carrier family 1 (glial high affinity glutamate transporter), member 2 (GLT1) and solute
carrier family 1 (glial high affinity glutamate transporter), member 3 (GLAST), along with
impaired glutamate transport and uptake, which are both well documented contributors to HD
pathogenesis (Bradford et al., 2009; Faideau et al., 2010; Shin et al., 2005). Additional molecular
studies uncovered that decreased GLT1 expression results from the direct binding of mHTT to the
transcription factor, specificity protein 1 (SP1), which prevents its association with the GLT1
promoter in astrocytes and causes glutamatergic excitotoxicity in HD (Bradford et al., 2009).
Interestingly, when cocultured with WT astrocytes, HD neurons had higher levels of microtubule-
associated protein 2 (MAP2), a neuronal marker, than when cultured alone, suggesting functional
astrocytes can protect against HD-mediated neurotoxicity (Shin et al., 2005). Alternatively, when
cocultured with HD astrocytes, WT neurons displayed substantial decreases in MAP2, indicating

early neuronal dysfunction in the presence of diseased astrocytes (Shin et al., 2005). In the latter



experiment, drug inhibition of glutamate receptors restored MAP2 levels, providing direct
evidence that mHTT expression in astrocytes impairs glutamate uptake and promotes glutamate
excitotoxicity, even in WT neurons (Shin et al., 2005). Additionally, astrocytes from transgenic
HD mice show reduced expression of the Kir4.1 potassium ion (K+) channel, which caused
elevated extracellular K+ concentrations and thus, MSN excitability (Tong et al., 2014). Of note,
Kir4.1 over-expression in these astrocytes rescued deficits in K+ signaling and resulted in
increased GLTI expression (Tong et al., 2014). Taken together, these studies demonstrate that
multiple mechanisms, such as glutamate and K+ signaling, collaborate to orchestrate astrocyte,
and thus neuronal, homeostasis.

Further evidence for astrocyte dysregulation in HD comes from RNA sequencing (RNA-
seq) experiments, which reported that glial fibrillary acidic protein (GFAP), a marker for
astrogliosis or reactive astrocytes, was the second most significantly overexpressed gene in the
prefrontal cortex of HD patient (Labadorf et al., 2015). Astrogliosis refers to the activation of and
increase in astrocytes in response to CNS trauma, neuroinflammation or disease (Sofroniew,
2009). Multiple studies in HD human, monkey and mouse models have also observed increased
GFAP across disease progression, as well as colocalization of mHTT and GFAP in HD astrocytes
prior to any neuronal damage (Faideau et al., 2010; Hedreen et al., 1995; Kocerha et al., 2014; Lin
et al., 2001; Shin et al., 2005; Vonsattel et al., 1985). Evidence from these studies has supported
the use of astrogliosis, specifically GFAP expression, as an early marker of CNS damage in HD.
Astrocyte dysfunction in HD can arise from aberrant regulation of other trophic factors as well.
mHTT-mediated repression of BDNF transcription, a well-established signature of HD pathology,
also occurs in astrocytes (Wang et al., 2012), which is consistent with previous results in HD

animal models. Selective expression of BDNF in striatal astrocytes led to delayed onset of motor
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phenotypes in transgenic HD mice (Arregui et al., 2011). Additionally, molecular evidence from
a transgenic HD mouse model revealed that mHTT inhibits both the transcription and secretion of
another tropic factor, chemokine (C-C motif) ligand 5/regulated on activation normal T cell
expressed and secreted (CCL5/RANTES), reducing the availability of astrocytic CCL5/RANTES
to neurons and contributing to neuronal dysfunction in HD (Chou et al., 2008). Other studies
examining the contributions of astrocytes to HD pathogenesis specifically reported reduced
cholesterol biosynthesis, impaired production and secretion of apolipoprotein E (ApoE), prolonged
inflammatory responses via NF-kB activation, compromised regulation of glutamate-GABA-
glutamine cycling, and mitochondrial dysfunction (Hsiao et al., 2013; Oliveira, 2010; Skotte et al.,
2018; Valenza et al., 2010).

Over the past few years, studies investigating the dysfunction of astrocytes in HD have
provided evidence that many complex cellular pathways are impacted and altered in different cell
types by mHTT (Figure 1-1). It is clear that neuronal disturbances alone cannot account for all the
pathological features of HD; not only is selective expression of mHTT in astrocytes sufficient for
neurological deficits, but WT astrocytes can protect HD neurons from neurotoxicity and
degeneration (Bradford et al., 2009; Shin et al., 2005). It is clear that mHTT affects the function
of both neurons and astrocytes, and that astrocyte and neuron synergy is necessary for normal CNS
development and function. To fully uncover the mechanisms of HD pathology and identify
possible therapeutic targets, future studies need to focus on the pathological contributions of
astrocytes to neuron function and survival, as well as the non-cell autonomous mechanisms of
striatal neurodegeneration in HD. Recognition of the non-cell-autonomous mechanisms of HD is
critical for the development of therapies; rather than attempting to replace lost neurons, targeting

mechanisms of astrocyte dysfunction, such as loss of Kir4.1, or supplementing with WT astrocytes,
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would reduce the toxicity of HD astrocytes, and provide healthy support and protection for

remaining neuron populations (Tong et al., 2014).
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Figure 1-1. Astrocyte function is disrupted in HD. (A) In a healthy brain, astrocytes provide
neuronal homeostasis and prevent toxicity via the expression of the glutamate transporter, GLT1,
and the potassium channel, Kir4.1, which regulate extracellular K+ and glutamate near synapses.
Wild-type (WT) astrocytes also produce neurotrophic factors necessary for neuronal survival.
Furthermore, astrocytes are completely responsible for the cholesterol biosynthesis of mature
neurons, facilitating major neuronal functions such as signal transduction and synaptogenesis, via
the secretion of APOE-containing lipoproteins. (B) In the HD brain, reduced GLTI and Kir4.1
expression impact glutamate uptake at synapses and leads to excitotoxity in HD neurons.
Additionally, mHTT expression in astrocytes causes decreased expression of neurotropic factors,
activation of inflammatory genes, and mitochondrial dysregulation, further contributing to
neuronal dysfunction and degeneration. Defects in APOE-meditated cholesterol transport from

astrocytes to neurons also occur in HD and impacts neural cell synergy.



14

1.2 Neurodevelopmental dysregulation in Huntington’s disease

In the previous section, the vast impact of mHTT expression on molecular and cellular
processes leading to neurodegeneration in HD brains was detailed. Different in vivo and in vitro
models of HD have established multiple roles for HTT and mHTT that may vary between cell
types. The progressive pathology of HD is characterized by neuronal dysfunction, neurotoxicity,
brain atrophy and death, making it a textbook example of a neurodegenerative disease. However,
more recent evidence has highlighted an important neurodevelopmental role for HTT, suggesting
that disease pathology may initiate early in development, impact neurogenesis and alter adult
neuronal homeostasis, producing chronic vulnerability to environmental signals and stressors
(Godin et al., 2010; HD iPSC Consortium, 2012; Lopes et al., 2016; Molero et al., 2009, 2016;
Ruzo et al., 2018; Wiatr et al., 2018; Yu et al., 2017). Clinical studies using neuroimaging to
identify prodromal signatures of HD have provided macro-level observations of abnormal
neurodevelopment in HD patients decades before symptoms appear (Aylward et al., 2013; Goémez-
Tortosa et al., 2001; Lee et al., 2012; Nopoulos et al., 2007; Paulsen et al., 2014; Schippling et al.,
2009). Subtle cognitive and behavioral deficits in pre-diagnosed HD individuals have also been
reported (Duff et al.,, 2007; Hinton et al.,, 2007; Solomon et al., 2007). Furthermore,
neurodevelopmental genes and pathways are known to be dysregulated in human and mice models
of HD (Fossale et al., 2011; HD iPSC Consortium, 2017; Jin et al., 2012; Labadorf et al., 2015;
Milnerwood et al., 2006; Ng et al., 2013). While these findings indicate that premanifest HD
individuals develop various, subtle mHTT-mediated changes that may prime the brain for
neurodegeneration, they did not address whether aberrant neurodevelopment caused these
prodromal symptomes.

Since mHTT acts through both gain and loss of function mechanisms, the finding that HTT
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1s important for embryonic survival only hinted that HD pathogenesis may be established during
neurodevelopment (Nasir et al., 1995; Zeitlin et al., 1995). The first support for this idea came
from investigations of heterozygous HTT knock-out mice, which exhibited increased motor
activity, cognitive deficits, and regional neuronal loss, although no aberrant brain atrophy was
observed, suggesting sufficient expression of HTT (> 50%) is necessary for proper
neurodevelopment and loss of a normal allele, such as in HD, had neurogenic consequences (Nasir
et al., 1995; O’Kusky et al., 1999). Moreover, selective inactivation of H7T in the forebrain of
mice before birth resulted in neuronal degeneration, motor deficits and premature lethality
(Dragatsis et al., 2000). These findings were further substantiated by heterozygous transgenic mice
with hypomorphic expression of one HTT allele selectively during development. These mice
demonstrated early neuronal loss and dysregulated neurodevelopment during embryogenesis, as
well as motor deficits, astrogliosis, and neurodegeneration in adult animal (Arteaga-Bracho et al.,
2016). Taken together, these data illustrate that loss of normal HTT function causes
neurodevelopmental abnormalities, which prime neural cells for dysregulation and degeneration
similar to HD pathology. However, they do not directly address the consequences of mHTT gain-
of-function activity and its impact on development.

To this end, experiments in transgenic knock-in mice showed that mHTT homozygotes
displayed embryonic brain malformation and perinatal lethality (Auerbach et al., 2001; White et
al., 1997). Examination of the embryos of mHTT heterozygous mice revealed impaired striatal
architecture, cell cycling deficits, and aberrant expression of pluripotency and neurogenesis
markers prior to birth, demonstrating that inappropriate molecular signals in the HD embryo may
drive aberrant neurodevelopmental programs that produce dysfunctional neurons (Molero et al.,

2009). To better understand how mHTT affects neurodevelopment specifically, researchers
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selectively expressed mHTT only during neurodevelopment in mice and surprisingly found that as
adults, these mice exhibit neurodegeneration, glutamate excitotoxicity, motor deficit, and
abnormal electrophysiology (Molero et al., 2016). This finding suggests that selective exposure to
mHTT during development is sufficient to recapitulate many phenotypes observed in HD mice
constitutively expressing mHTT. Taken together, it is undeniable that both mHTT and reduced
HTT expression results in developmental abnormalities at very early stages that lay the foundation
for HD pathogenesis.

In vitro studies examining HD induced pluripotent stem cells (iPSCs) and NPCs have also
reported early dysregulation in the presence of mHTT, further supporting the idea that HD
pathogenesis begins prior to the production of mature neural cell lineages. For example, in mouse
and human HD iPSCs, aberrant mitogen-activated protein kinase (MAPK), tumor protein p53
(p53) and Wingless/Integrated (WNT) signaling has been observed along with activation of
oxidative stress genes, illustrating that multiple molecular alterations observed in HD are already
dysregulated in undifferentiated pluripotent stem cells (PSCs) (Szlachcic et al., 2015). NPCs
derived from the fetal brains of mHTT homozygous and heterozygous mice have also replicated
multiple disease phenotypes (Ritch et al., 2012; Wiatr et al., 2018). HD NPCs exhibited reduced
propensity for neuronal differentiation, which was accompanied by increased cell death compared
to control NPCs (Conforti et al., 2013; Wiatr et al., 2018; Yu et al., 2017). One of these studies
further expanded on these findings in an experiment comparing the neuronal differentiation
capacity of WT, HTT-null and HD NPCs derived from mice (Conforti et al., 2013). Interestingly,
when induced to differentiate into neurons, HD NPCs showed significantly less capacity and
massive cell death compared to WT NPCs (Conforti et al., 2013). HTT knock-out NPCs not only

produced less neurons than HD NPCs, but also demonstrated a dramatic increase in astrogliosis,
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with over 3-fold change in GFAP expression (Conforti et al., 2013). Notably, changes in GFAP
levels where evident early on, prior to apparent cell death, which highlights that not only does
mHTT differentially impact developmental events, it is likely these early HD-associated
aberrancies create unknown vulnerabilities in non-neuronal cell populations, such as astrocytes,
that later contribute to neurodegeneration (Conforti et al., 2013). Thus, an understanding of the
impact of mHTT on astrocytes both in the adult brain and in a developmental context is essential.

Additional studies in human and animal models have shown that HD NPCs display
abnormal cell cycle progression that could be rescued by silencing mHTT and has been previously
linked to cell fate specification in H77-null NPCs (Godin et al., 2010; Lopes et al., 2016).
Furthermore, chromosomal instability during neurogenesis was also reported in H77-null and HD
human ESCs, illustrating signs of early HTT loss-of-function occurs in primates as well (Ruzo et
al., 2018). mHTT expression in NPCs also causes differential deregulation of the Notch signaling
pathway, causing an aberrant developmental cascade impacting neural lineage specification
(Nguyen et al.,, 2013). Finally, the HD iPSC Consortium (2017) performed RNA-seq on
heterogeneous neural cultures, containing NPCs, neurons and astrocytes, derived from HD-patient
1PSCs. One third of the genes differentially expressed between HD and control cultures were in
neuronal development and maturation, as well as adult neurogenesis pathways (HD iPSC
Consortium, 2017; Wiatr et al., 2018).

It is a growing consensus that neurodevelopmental defects occur very early in HD cells,
setting the stage for disease pathogenesis and neurodegeneration in adult life. It has also been
established that mHTT causes molecular dysregulation that can be detected early both in vivo and
in vitro, prior to the establishment of differentiated neuronal cells. All neural cell types, not just

neurons, arise from these precursor NPCs exhibiting early HD phenotypes, so it is undeniable that
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most, if not all, neural cells experience the impact of mHTT prior to neuronal differentiation.
However, all HD neurodevelopmental studies have focused on neuronal cell types or heterogenous
brain populations, with very limited work on astrogenesis specifically. Future studies should focus
on characterizing early signatures of HD pathogenesis during the development of astrocytic
lineages. A broad understanding on the impact of mHTT on the development of all neural lineages
is essential to developing effective neuroprotective therapies for the progressively degenerating

brain in HD prior to symptom appearance.

1.3 Epigenetics of Huntington’s disease

Transcriptional dysregulation has been widely reported across HD in vivo and in vitro
models and is an important contributor to HD pathogenesis (Becanovic et al., 2010; HD iPSC
Consortium, 2017; Hodges et al., 2006; Labadorf et al., 2015; Langfelder et al., 2016; Luthi-Carter
et al., 2000). These studies revealed dysregulated gene expression occurs early in development,
with functional signatures that vary between different brain regions and cell types (HD iPSC
Consortium, 2017; Hodges et al., 2006; Seredenina et al., 2012). Several mechanisms by which
mHTT impacts the transcriptome have been proposed, including the aberrant interaction of mHTT
with various transcription factors, causing inhibition of their regulatory functions leading to
widespread transcriptional consequences (Bradford et al., 2009; Seredenina et al., 2012; Zuccato
et al., 2010). Transcription is also known to be regulated by the coordination of various epigenetic
mechanisms, such as histone modifications and chromatin accessibility. Chromatin accessibility
defines the activity status of genomic regulatory elements, such as promoters and enhancers, by
regulating the binding of TF and epigenetic complexes and has been suggested to be associated
with various post-translational histone modifications (Shlyueva et al., 2014). Although the impact

of HD on chromatin accessibility dynamics specifically remains unknown, recent studies have
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begun to provide evidence that epigenetic and chromatin modifying factors play a major role in
HD transcriptional dysregulation. It is clear that the etiologic mechanisms of aberrant transcription
in HD are complex and context-dependent, making them difficult but necessary to fully understand
both across neurodevelopment and in different neural cell types.

A growing body of research has demonstrated that aberrant epigenetic modifications,
including DNA methylation and post-translational histone modifications, occur globally in HD
and influence the transcriptome and disease development. Genomic investigation of DNA
methylation in mouse cells expressing mHTT demonstrated global changes in methylation (Ng et
al., 2013). Genes with differentially methylated promoters also showed corresponding changes in
expression, suggesting dysregulated patterns of methylation directly impacts gene expression in
HD (Ng et al., 2013). Increased DNA methylation in HD patients’ brains lead to region specific,
accelerated aging of the cortex tissues, but not the striatum (Horvath et al., 2016). While these
regional differences may be due to the massive death that occurs in striatal neurons, the differential
impact of mHTT on DNA methylation in different cell populations has not been fully examined.
Furthermore, the transcriptional effects of the accelerated aging in HD brains remains unknown,
but it is likely that investigations will reveal age-dependent alterations in the transcriptome as a
result of this aberrant epigenetic aging effect. An epigenetic drug screen in HD neurons found
DNA methyltransferase (DNMT) inhibitors provided effective neuroprotection against mHTT-
induced toxicity and lead to restored expression of BDNF' and other key genes (Pan et al., 2016).
The findings from this in vitro screen were replicated in a HD mouse model (Pan et al., 2016).
Additionally, 5-hydroxymethylcytosine (5-hmC) is globally decreased in HD mice brains, with
differentially hydroxymethylated regions associated with genes involved in neuronal development

and differentiation (Wang et al., 2013). Taken together these studies provide proof of global



20

dysregulation of DNA methylation in the context of HD, and that genes associated with
differential methylation play key roles in neurodevelopment.

Post-translational histone modifications, such as histone methylation and acetylation, have
also been shown to be impacted by mHTT (Francelle et al., 2017; Lee et al., 2013a; Lee et al.,
2013b). Trimethylation of histone H3 lysine 9 (H3K9me3) is a well-established mechanism of
transcriptional repression that is facilitated by several methyltransferases, including, ERG-
associated protein with SET domain (ESET). Both H3K9me3 and ESET are observed at higher
levels in HD human and mice striatum tissues compared to controls (Lee et al., 2013b; Ryu et al.,
2006). Pharmacological inhibition of ESET led to reduced H3K9me3, rescued neuropathological
phenotypes and increased survival of HD mice (Ryu et al., 2006). There is also evidence that
mHTT alters transcription by aberrantly interacting with histone-modifying enzymes and
modulating their activity (Giralt et al., 2012; Jiang et al., 2006; Ratovitski et al., 2015; Seong et
al., 2010; Valor et al., 2013). For example, data from primary neuron cultures demonstrated that
HTT interacts with protein arginine methyltransferase 5 (PRMTS5) to mediate symmetrical
dimethylation of arginine 3 on histones H4 (H4R3me2s) (Ratovitski et al., 2015). However, mHTT
binds PRMTS and inhibits its activity, resulting in reduced R3me2s at transcriptionally repressed
promoters in HD neurons (Ratovitski et al., 2015). Silencing of jumonji C domain-containing
protein 6 (JMJDG6), the only known R3me3s demethylase, rescues mHTT phenotypes in this
neuronal model (Ratovitski et al., 2015).

Global decreases in histone H3 acetylation have also been widely reported in HD models
(Giralt et al., 2012; Lee et al., 2013b; McFarland et al., 2012; Sadri-Vakili et al., 2007). Reduced
histone H3 lysine 27 acetylation (H3K27ac) at gene promoters in HD mice brains was

accompanied by decreased enrichment of RNA polymerase II (RNAP II) and reduced gene
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expression, providing support for the direct transcriptional consequences of the abnormal HD
epigenome (Achour et al.,, 2015). Significant changes in H3K27ac were also observed at
enhancers, with HD-associated loss of H3K27ac seen at enhancers known to regulate striatal cell
identity (Achour et al., 2015). CREB binding protein (CBP) interacts with many different proteins
to coordinate a variety of cellular processes but is also a known histone acetyltransferase (HAT),
specifically mediating H3K27ac (Chan et al., 2001; Marmorstein et al., 2014; Valor et al., 2013).
Early studies demonstrated that mHTT aberrantly sequesters CBP in its aggregates, and also causes
reduced CBP expression through undefined mechanisms (Giralt et al., 2012; Jiang et al., 2006;
Nucifora et al., 2001; Steffan et al., 2000). There is extensive evidence that the inhibitory
interaction of mHTT with CBP leads to global decreases in H3 acetylation in the brain and
selective silencing of CBP target genes (Giralt et al., 2012; Jiang et al., 2006; Valor et al., 2013).
In HD mice, treatment with a histone deacetylase inhibitor (HDACi) not only rescued overt disease
phenotypes and H3 acetylation levels, but it also restored expression of CBP-target and other
aberrantly expressed genes, providing evidence that the loss of CBP-mediated H3 acetylation
directly impacts the HD transcriptome (Giralt et al., 2012; Jia et al., 2012; Thomas et al., 2008).
Other studies examining HDACi treatment in HD have provided further support that the epigenetic
dysregulation that underlies disease pathology also serves as a potential therapeutic target. For
example, in response to HDACi treatment, both WT and HD male mice showed increased DNA
methylation at the promoter of the Y chromosome-linked, histone H3 lysine 4 demethylase,
Jumonji/ARID domain-Containing Protein 1D (JARID1D) (Jia et al., 2014). Interestingly, only the
male progeny of male HD HDACi-treated mice displayed an improved disease phenotype, along
with increased JARID 1D expression and reduced levels of CNS histone H3 lysine 4 trimethylation

(H3K4me3), compared to that of WT and non-treated HD mice (Jia et al., 2014). Studies such as
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these have provided a myriad of important findings. First, they provide evidence for the potential
value of epigenetic therapies for HD. Moreover, they highlight the complexity of HD pathogenesis
and the epigenetic mechanisms underlying it. HDACi treatment restoring aberrant histone
acetylation in vivo, also produced changes in DNA methylation and transgenerationally impacted
multiple epigenetic modifications, such as H3K4me3, which demonstrates the dynamic and
context-dependent characteristic of epigenetic dysregulation in HD and reinforces the need for
deeper investigation of the HD epigenome of all neural populations across development.
H3K4me3 is an active epigenetic mark that is reported to be globally reduced in HD. In
the brains of HD mice, H3K4me3 was decreased at the promoter of BDNF' and other genes known
to be down-regulated in HD, prior to the appearance of symptoms (Vashishtha et al., 2013). RNA-
seq experiments in these HD mice revealed up-regulation of two H3K4me3 demethylases,
Jumonji/ARID Domain-Containing Protein 1 B (JARIDIB) and C (JARIDIC), compared to
controls (Vashishtha et al., 2013). Moreover, JARIDIC knock-down in HD mice restored the
expression of key HD-dysregulated genes (Vashishtha et al., 2013). A genome-wide investigation
of HD related changes in H3K4me3 and transcription in the human brain also detected global
differential H3K4me3 enrichment, with more than half of these regions being lost in HD-patient
brains, replicating the findings from the HD mouse model (Dong et al., 2015; Vashishtha et al.,
2013). In contrast to the mouse model however, this study did not observe corresponding changes
in H3K4me3 with differential gene expression. However, it did report a significant correlation
between promoter H3K4me3 enrichment and gene expression levels (Dong et al., 2015). This
difference in findings is likely due to the fact that Dong et al. (2015) performed H3K4me3
chromatin immunoprecipitation with sequencing (ChIP-seq) in sorted neurons from HD patient

brains, while RNA-seq was performed on brain tissue homogenate; therefore, H3K4me3 profiles
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only represented a portion of the transcriptome findings reported. It may also be true that while
HD-mediated alterations in H3K4me3 influence gene expression, evidence exists that other
epigenetic mechanisms are also impacted by HD and directly influence H3K4me3 dynamics (Jia
et al., 2014). A global view of the aberrant epigenome across neurodevelopment will be required
to fully explain the transcriptional dysregulation that characterizes HD pathology.

To that end, a study of H3K4me3 and transcriptionally repressive histone H3 lysine 27
trimethylation (H3K27me3) dynamics during differentiation of HD mouse ESC into NPCs
demonstrated a developmental stage-specific, abnormal chromatin landscapes in HD (Biagioli et
al., 2015). In HD ESCs, differential enrichment of H3K4me3 and H3K27me3 were observed
globally compared to WT ESCs (Biagioli et al., 2015). However, when differentiated into NPCs,
HD cells had a significant global reduction in H3K4me3 levels that corresponded with decreased
gene expression, while H3K27me3 enrichment became more similar to that of WT NPCs (Biagioli
et al., 2015). This unique developmental study provides further evidence that mHTT expression
impacts epigenetic mechanisms differentially during neurodevelopment, generating HD NPCs
with altered potential that give rise to dysfunctional neural cell types. In contrast, a study in HD
murine embryoid bodies observed elevated H3K27me3 level in the presence of mHTT (Seong et
al., 2010). It has been demonstrated that HTT directly interacts with H3K27 methyltransferase,
enhancer of zeste 2 (EZH2) and facilitates its activity in the polycomb repressive complex 2
(PRC2), which mediates H3K27me3 and is essential to the regulation of differentiation into
various cell types, including the transition from ESC to NPCs (Jepsen et al., 2007 ; Orlando, 2003;
Seong et al., 2010). Interestingly, the transcriptional profiles of mHTT striatal cells and PRC2
knockout cells are very similar (von Schimmelmann et al., 2016). However, the direct impact of

mHTT on PRC2 function remains unclear.
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In summary, these studies of HD epigenetic dysregulation, whether through direct
interactions with mHTT or as an indirect consequence of other disease-related changes, highlight
its significant role in disease pathology and demonstrate the therapeutic potential of targeting
epigenetic mechanisms in HD. It is clear that the HD expansions impacts epigenetic mechanisms
globally very early in development, leading to altered transcription profiles that forecasts increased
susceptibility to the neurotoxic effects of mHTT (Figure 1-2). Furthermore, many of these
epigenomic abnormalities are observed as early as the pluripotent stage and impact important
factors that regulate development and neural differentiation. It is also evident that neuron-specific
epigenetic changes show associations with, but cannot account for all, the global transcriptome
dysregulation reported in the context of heterogeneous HD brain tissue. Still, very little is known
about the differential mechanisms and sensitivities of all neural cell types to mHTT. Future studies
aimed at interrogating HD-mediated epigenomic differences and transcriptional consequences, in
non-neuron cell types, such as astrocytes, will be essential to both our understanding of HD and

of neurodevelopmental and neurodegenerative processes in general.
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Figure 1-2. Summary of abnormal epigenomic profile in HD. (A) Wild-type neural populations
possess active epigenetic signatures at neural promoters, such as CBP-mediated H3K27ac,
H3K4me3, and DNA hypomethylation, leading to functional neural populations in the healthy
adult brain. (B) In HD, increased expression of JARID proteins, known to demethylate H3K4me3,
and ESET, a H3K9me3 methyltransferase, cause a global loss of active chromatin modifications,
the establishment of an aberrant epigenomic profile, and a dysregulated transcriptome.
Additionally, mHTT directly binds and sequesters CBP in its aggregates, preventing CBP-
mediated H3K27 acetylation and further contributing to the global transcriptional dysregulation

driving HD pathology.
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1.4 Study Proposal

Despite extensive characterization of HD neuropathology and molecular dysregulation,
HD remains an untreatable and devastating disease. A majority of research has focused on the
impact of mHTT on striatal MSNss, as this population of cells exhibit significant susceptibility to
disease-associated toxicity. However, the various cell types comprising the CNS act in symphony,
constantly and continually communicating and supporting one another. While there is limited
understanding of the role of glia in HD pathogenesis, it is clear mHTT expression in astrocytes
causes dysregulation of astrocytic processes, which is sufficient to trigger a cascade of
neurodegenerative effects on both healthy and diseased neuron populations. Additionally, it has
recently been recognized that early developmental abnormalities set the stage for later HD
vulnerabilities, and that epigenetic dysregulation underlies the aberrant transcriptional signatures
reported across neurodevelopment in HD. Although, research is lacking, an emerging theme arises:
the aberrant establishment of lineage-specific chromatin and transcriptional signatures occurs as
early as PSCs and NPCs in HD cells, giving rise to various neural cell types predisposed to mHTT-
mediated toxicity, altered homeostasis and impacted viability over time. Characterization of the
epigenome and transcriptome in different HD neural cell populations across development will
provide a powerful resource for the assessment of mHTTs impact on neurodevelopment, HD
pathogenesis and the identification of targets for therapeutic intervention prior to disease onset.

This dissertation will focus on characterizing the dynamics of chromatin accessibility and
transcription during in vitro astrocyte differentiation of transgenic HD non-human primate (NHP)
PSCs. Given the obvious similarities in anatomy, neurodevelopment, and behavior, NHP models
provide a reliable and translatable resource for understanding neurological disease pathogenesis

and developing effective therapeutic strategies. Our laboratory has generated the first transgenic
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HD rhesus macaques (Yang et al., 2008), from which we have successfully established HD NHP
1PSCs (Chan et al., 2010). Our transgenic HD iPSCs carry exon 1 of the human H7T gene with 65
CAG repeats, along with green fluorescent protein (GFP), driven by the human polyubiquitin-C
(UBC) promoter (Chan et al., 2010). These HD iPSCs were used to derive NPCs for long term
culture, which are capable of differentiating into both neurons and astrocytes that recapitulate
classic HD phenotypes (Carter et al., 2014; unpublished data). Furthermore, shRNA-mediated
silencing of HTT could reverse HD phenotypes in both HD NHP neurons and astrocytes (Carter
et al., 2014; unpublished data). The following chapter will describe the impact of mHTT on
chromatin accessibility and gene expression during in vitro astrocyte differentiation from HD NHP
PSCs. This study will provide insight into altered chromatin accessibility and transcriptional

dysregulation that specifically impacts astrocyte differentiation in HD NHP cells.
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Chapter 2: Chromatin Accessibility and Transcription Dynamics During In Vitro Astrocyte
Differentiation of Huntington’s Disease Monkey Pluripotent Stem Cells.

This chapter is also a manuscript currently in preparation for submission.

2.1 Author’s Contribution and Acknowledgement of Reproduction

Alexandra Goodnight, Dr. Anthony Chan, and Dr. Victor Corces conceived and coordinated this
study and designed the experiments. Alexandra Goodnight wrote the paper and Dr. Isaac J.
Kremsky helped with editing. Alexandra Goodnight performed all the experiments, with the
assistance and guidance of Dr. In Ki Cho and Dr. Yoonhee Jung. Sujittra Khampang cultured PSCs
for this study. Dr. Isaac J. Kremsky performed all the ATAC-seq analysis and most of the RNA-
seq analysis. Dr. James M. Billingsley performed the remaining RNA-seq analysis, specifically
for Figure s2-3 and gene set enrichment analyses (GSEA). The Yerkes Non-Human Primate
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2.2 Abstract

Huntington’s disease (HD) is a fatal, neurodegenerative disorder caused by a CAG repeat
expansion, resulting in a mutant huntingtin protein. While it is now clear that astrocytes are
affected by HD and significantly contribute to neuronal dysfunction and pathogenesis, the aberrant
transcription and epigenetic profiles in HD astrocytes have yet to be characterized. Here, we
examined global transcription and chromatin accessibility dynamics during in vitro astrocyte
differentiation in a transgenic non-human primate (NHP) model of HD. We found global changes
in accessibility and transcription across HD differentiation, with differential trends first observed
in neural progenitor cells (NPCs), once cells have committed to a neural lineage. Transcription of
p53 signaling and cell cycle pathway genes was highly impacted during differentiation, with
depletion in HD NPCs and upregulation in HD astrocytes. E2F target genes (ETGs) also displayed
this inverse expression pattern, and strong associations between ETG expression and accessibility
at nearby, putative enhancers were observed. All together, we demonstrate chromatin accessibility
and transcription are altered throughout in vitro HD astrocyte differentiation and provide evidence
that E2F dysregulation contributes to aberrant cell cycle reentry and apoptosis as NPCs

differentiate into astrocytes.
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2.3 Introduction

Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disease
characterized by progressive brain atrophy, along with cognitive and motor dysfunction, and
affecting adults between 35-55 years of age (Zuccato et al., 2010). Although several potential
therapeutic strategies have been identified, no cure or therapies exist to prevent or reverse disease
progression (Gagnon et al., 2010; Hu et al., 2009; Watts et al., 2012; Yu et al., 2012). HD results
from an expansion of more than 40 CAG repeats in exon 1 of the huntingtin gene, H7T, which
gives rise to a mutant huntingtin protein (mHTT) with an extended polyglutamine (polyQ) tract at
the N-terminus (Davies et al., 1997; DiFiglia et al., 1997; Goldberg et al., 1994; Macdonald et al.,
1993; Sieradzan et al., 1999; Snell et al., 1993). mHTT can form aggregates and nuclear inclusions,
a signature characteristic of HD (Cattaneo et al., 2005; DiFiglia et al., 1997, Sieradzan et al., 1999),
and can be cleaved to create polyQ-containing protein fragments (Scherzinger et al., 1997).

The disruption of many cellular processes, including neurodevelopment, cell cycle,
apoptosis, mitochondrial function, inflammation, and synapse formation and activity by mHTT in
neurons is well documented but incompletely understood (HD iPSC Consortium, 2012; Labadorf
et al., 2015; Lopes et al., 2016; Molero et al., 2009, 2016; Seredenina et al., 2012). However,
transcriptional dysregulation is thought to play an important role in driving these pathogenic
mechanisms (HD iPSC Consortium, 2012; Lopes et al., 2016; Molero et al., 2009, 2016;
Seredenina et al., 2012). Altered transcriptional profiles are evident very early in HD and impact
neurogenesis, setting the stage for dysfunctional homeostasis and degeneration in the adult brain
(HD 1PSC Consortium, 2012; Lopes et al., 2016; Molero et al., 2009, 2016; Ruzo et al., 2018;
Wiatr et al., 2018). Furthermore, the impact of mHTT on transcription varies between neural

populations in the central nervous system (CNS), as well as across development (Becanovic et al.,
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2010; HD 1PSC Consortium, 2017; Hodges et al., 2006; Labadorf et al., 2015; Langfelder et al.,
2016; Luthi-Carter et al., 2000; Seredenina et al., 2012). It has been demonstrated that mHTT
aberrantly interacts with and sequesters critical proteins, such as transcription factors (TFs) and
epigenetic enzymes, causing widespread transcriptional dysregulation and disruption of important
cellular processes in the brain (Crook et al., 2013; Davies et al., 1997; Giralt et al., 2012; Labbadia
etal., 2013; Li et al., 2006; Ratovitski et al., 2015; Ross et al., 2011; Saudou et al., 1998; Seong et
al.,, 2010; Valor, 2015; Zuccato et al., 2010). For example, mHTT binds to p53 and causes
downstream alterations in the transcriptional activity of select p53-target genes (Bae et al., 2005;
Steffan et al., 2000). p53 regulates many diverse and specific cellular processes, including cell
cycle, apoptosis, DNA repair, metabolism and mitochondrial function (Marcel et al., 2018; Vaseva
et al.,, 2009). However, the downstream transcriptional consequences of aberrant mHTT
interactions with TFs, such as p53, are not well understood.

The transcriptome is largely regulated by epigenetic mechanisms, such as histone
modifications, DNA methylation, and binding of TFs and architectural proteins. The accessibility
(relatively high DNase-seq or ATAC-seq signal) of genomic regulatory elements, such as
promoters and enhancers, dictates the binding of TFs and architectural proteins, and thus indicates
regions regulating the activation and repression of transcription (Shlyueva et al., 2014). Chromatin
accessibility is highly specific between cell types, developmental time points, and pathological
conditions (Shlyueva et al., 2014; Vermut et al., 2016). Further, post-translational histone
modifications are used to classify the activity status of promoters and enhancers (Shlyueva et al.,
2014). For example, active marks, like histone H3 lysine 27 acetylation (H3K27ac), are associated
with accessible chromatin at active promoters and enhancers specifically, while repressive

modifications indicate inactive promoters and enhancers, which display a less accessible
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chromatin structure. While this association has been well documented, the specificity and
directionality of this association is complex and not fully understood. Although there have been
no investigations of chromatin accessibility dynamics in HD, there is growing support that
epigenetic mechanisms contribute to HD transcriptional dysregulation and pathology. For
example, acetylation of histone H3 in general, but also specifically H3K27ac, is globally reduced
in HD (Giralt et al., 2012; Lee et al., 2013a; McFarland et al., 2012; Sadri-Vakili et al., 2007). CBP
acts as a histone acetyltransferase (HAT), specifically mediating H3K27ac (Chan et al., 2001;
Marmorstein et al., 2014; Valor et al., 2013). Studies have demonstrated that mHTT aggregates
sequester CBP and inhibit its HAT activity, leading to genomic loss of H3 acetylation and
repressed transcription in HD brains (Giralt et al., 2012; Jiang et al., 2006; Nucifora et al., 2001;
Steffan et al., 2001; Valor et al., 2013). In addition, histone deacetylase inhibitor (HDAC1)
treatment in HD mouse models both rescued disease phenotypes, and restored transcription and
histone H3 acetylation profiles (Giralt et al., 2012; Jia et al., 2012; Thomas et al., 2008). An in
vivo study in HD mice found that HDACi treatment restored histone H3 acetylation and also
produced changes in DNA methylation (Jia et al., 2014), highlighting the dynamic and context-
dependent characteristic of epigenetic regulation and reinforcing the need for a better
understanding of the altered epigenome across development in in HD.

To that end, one study differentiated HD mouse embryonic stem cells (ESCs) into neural
progenitor cells (NPCs) and examined histone H3 lysine 4 trimethylation (H3K4me3) and histone
H3 lysine 27 trimethylation (H3K27me3) dynamics (Biagioli et al., 2015). While HD ESCs
showed global differences in H3K4me3 and H3K27me3, HD NPCs demonstrated a reduction in
H3K4me3 only, with corresponding decreased transcription, compared to wild type (WT) cells

(Biagioli et al., 2015). Overall, these findings indicate that during development, stage-specific
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chromatin landscapes are differentially dysregulated in HD, giving rise to alterations in all neural
cell types (Biagioli et al., 2015). Thus, studies exploring accessibility at specific developmental
stages and in specific cell types, along with its relationship to transcriptional changes, have the
potential to contribute greatly to our understanding of the pathological mechanisms underlying
HD, as well as in the discovery of therapies for HD. Additional epigenetic studies have reported
loss of active modifications and reduced transcription in HD (Biagioli et al., 2015; Giralt et al.,
2012; Jiang et al., 2006; Nucifora et al., 2001; Steffan et al., 2001; Thomas et al., 2008; Valor et
al., 2013), which is in contrast to findings from transcriptome studies in the prefrontal cortex of
HD patients, which report both up and down regulation of global transcription, but more
differentially expressed (DE) genes are overexpressed in HD (Labadorf et al., 2015). It is clear that
transcription and the epigenome are dynamically altered during HD progression. However, the
impact of epigenetic mechanisms on transcription are complex and highly context dependent,
making it difficult but important to fully characterize across neurodevelopment and in different
neural cell types in HD.

Most studies of transcriptional and epigenetic dysregulation in HD pathogenesis have
focused on neuronal models and heterogenous brain tissues. However, neurons require glia cells,
which comprise 90% of the human CNS cell population, for normal function, homeostasis, and
the establishment and healthy activity of neural circuits (Allen & Barres, 2009; Belanger et al.,
2009; Belanger et al., 2011; Clarke et al., 2013). Given its ubiquitous expression and vast impact
on cellular processes, it is undeniable that mHTT affects all neural cell types, not just certain
neuron populations, yet little is known about the impact of HD on glial development and function.
Astrocytes are the most abundant type of glial cell and are critical CNS regulators, with roles in

neurodevelopment, neuronal metabolic support, synaptic formation and function, tissue repair,
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neuroprotection, ion signaling homeostasis, and complex brain functions such as sleep, memory
and breathing (Belanger et al., 2009; Belanger et al., 2011; Gibbs et al., 2008; Gourine et al., 2010;
Halassa et al., 2009; Phatnani et al., 2015; Volterra et al., 2005). Both mHTT expression and
aggregate formation have been reported in HD astrocytes (Jansen et al., 2017; Khakh et al., 2017,
Shin et al., 2005; Tong et al., 2014). Increased expression of glial fibrillary acidic protein (GFAP),
a marker for astrogliosis, is a well-documented indicator of early neural damage in HD. (Faideau
etal., 2010; Hedreen et al., 1995; Kocerha et al., 2014; Labadorf et al., 2015; Lin et al., 2001; Shin
et al., 2005; Vonsattel et al., 1985). In fact, RNA sequencing (RNA-seq) performed on HD patient
brains found GFAP to be the second most significantly overexpressed gene compared to control
tissues (Labadorf et al., 2015).

A growing body of evidence suggests a role for astrocytes in HD pathology (Arregui et al.
2011; Bradford et al. 2009; Chou et al. 2008; Faideau et al., 2010; Hsiao et al., 2013; Oliveira,
2010; Shin et al., 2005; Skotte et al., 2018; Tong et al., 2014; Valenza et al., 2010; Wang et al.
2012). Selective expression of mHTT in the astrocytes of transgenic mice was sufficient to produce
neuropathology resembling HD and premature death (Bradford et al. 2009). /n vivo and in vitro
HD astrocyte models have also shown impaired glutamate transport, resulting from reduced
expression of key glutamate transporters and ion channels, such as GLTI and GLAST, and the
Kir4.1 potassium ion (K+) channel (Bradford et al. 2009; Faideau et al., 2010; Shin et al., 2005;
Tong et al., 2014). Additionally, aberrant transcription of important trophic factors, including
BDNF, reduced cholesterol biosynthesis, increased NF-kB-mediated inflammatory response,
dysregulated glutamate-GABA-glutamine cycling, and mitochondrial dysfunction, are reported in
HD astrocyte models (Hsiao et al., 2013; Oliveira, 2010; Skotte et al., 2018; Valenza et al., 2010;

Wang et al. 2012). Surprisingly, a study found that when co-cultured with WT astrocytes, HD
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neurons had improved molecular phenotypes, demonstrating that functional astrocytes can protect
against HD-mediated neurotoxicity (Shin et al., 2005). In contrast, WT neurons co-cultured with
HD astrocytes showed markers of early neurodegeneration, which could be reversed through
chemical inhibition of astrocytic glutamate receptors, suggesting that HD astrocytes cause
intercellular dysregulation that may contribute to HD pathogenesis and serve as a potential
therapeutic target for HD treatment (Arregui et al. 2011; Shin et al., 2005).

Astrocyte dysfunction is gaining growing recognition for its role in HD pathogenesis and
potential value as a therapeutic target, as normal astrocyte and neuron synergy is necessary for
CNS development and function (Bradford et al. 2009; Shin et al., 2005). Most studies examining
astrocytes in HD have used rodent models. However, it has been established that primate and
rodent astrocytes have morphological and functional differences (Colombo et al., 1995; Colombo
et al., 2004; Oberheim et al., 2009). For example, not only are human astrocytes more structurally
complex and phenotypically diverse than that of rodents, certain types of astrocytes (interlaminar
and varicose projection astrocytes) are specific to primate species (Colombo et al., 1995; Colombo
et al., 2004; Oberheim et al., 2009). Additionally, primate astrocytes exhibit faster Ca2+ signaling
compared to rodent astrocytes (Oberheim et al., 2009). These findings demonstrate the limitations
of rodent models when studying astrocytes in human disease and highlight the need for a primate
model of HD astrocytes.

Here, we examined the impact of mHTT on chromatin accessibility and transcription
during in vitro astrocyte differentiation in a transgenic non-human primate (NHP) model of HD
(Yang et al., 2008). Given similarities in CNS anatomy, neurodevelopment, and behavior, NHPs
may offer a more translatable model for investigating neurological disease pathology and

identifying efficient therapies. We used induced pluripotent stem cells (iPSCs) derived from
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transgenic HD NHPs to establish stable NPC lines, which are able to differentiate into functional
neurons and astrocytes that recapitulate HD phenotypes (Carter et al., 2014; Chan et al., 2010;
Laowtammathron et al., 2010; unpublished data). HD NPCs were further differentiated in vitro to
generate astrocytes. RNA-seq and assay for transposase-accessible chromatin using sequencing
(ATAC-seq) experiments were performed in parallel, in HD and WT NHP cell lines to characterize
chromatin accessibility dynamics and transcriptome profiles during HD astrocyte differentiation.
This discovery-based approach revealed genome wide alterations in chromatin accessibility and
transcription across differentiation, with observable trends occurring once cells have committed to
a neural lineage (NPCs through astrocytes). Although alterations of accessible promoters were
evident in HD cells across differentiation, most differences in accessibility occurred distal to
promoters. At a subset of putatively active rhesus macaque brain enhancers, the altered chromatin
accessibility observed in HD astrocytes appeared to be established in the NPC stage. Additionally,
an integrated analysis of RNA-seq and ATAC-seq data revealed consistent deficits in various cell
cycle-related pathways, such as p53 signaling and E2F target genes, as well as a striking correlation
between changes in gene expression and TF occupancy at putative enhancers. Taken together,
these results suggest a pathogenic mechanism during HD astrogenesis: dysregulation of several
interacting pathways causes expression signatures indicating delayed cell cycle progression in HD
NPCs and aberrant cell-cycle reentry and apoptosis, possibly through an E2F TF dependent

mechanism, in HD astrocytes.
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2.4 Methods

2.4.1 NHP PSC cultures

WT NHP ESCs and transgenic NHP HD iPSCs were previously established (Chan et al., 2010).
Transgenic HD 1PSCs expressed both exon 1 of the human H7T gene with 65 CAG repeats and
GFP under the control of the human polyubiquitin-C (UBC) promoter (Yang et al., 2008; Chan et
al., 2010). NHP PSCs were cultured on mouse fetal fibroblast (MFF) feeder cells in ESC culture
media [Knockout-Dulbecco’s modified Eagle’s medium (KO-DMEM; Invitrogen) with 20%
Knock-out Serum Replacement (KSR; Invitrogen), 1 mM glutamine, 1 nonessential amino acids
(NEAA), and 4 ng/mL of human basic fibroblast growth factor (bFGF; Chemicon, Inc., Tumecula,
CA)]. Additionally, NHP PSC cultures were expanded by mechanical passaging. Since these NHP
PSC lines were previously used to derive stable NPC cultures (Carter et al., 2014), PSCs were

collected for experimental analysis, but not further differentiated into NPCs in this study.

2.4.2 NHP NPC culture maintenance

NPCs were maintained and expanded as previously described (Carter et al., 2014). Briefly, P/L-
coated [20 pg/mL poly-L-ornithine (Sigma) and 1 pg/cm2 laminin (Sigma)] cell culture dishes
were used to culture cells in neural proliferation medium [Neurobasal-A medium (Life
Technologies) with 1x penicillin/streptomycin (Invitrogen), 2 mM of L-glutamine, 1x B27 (Life
Technologies), 20 ug/mL of bFGF (R&D), and 10 ng/mL of mLIF (Millipore)]. Cells were
maintained at 37°C and 5% CO> and media was changed every two days. Upon reaching

confluence, cells were passed at a 1:1.5 ratio.
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2.4.3 In vitro astrocyte differentiation

The astrocyte differentiation protocol used in this study was based on a previously published
protocol (Majumder et al., 2013). For in vitro differentiation of NPCs into astrocytes, NHP NPCs
were seeded with the seeding density of 2x105 cells/cm2 on P/L-coated culture plates. Neural
proliferation media was replaced with astrocyte differentiation media [Neurobasal-A medium
(Life Technologies) with 1x penicillin/streptomycin (Invitrogen), 2 mM of L-glutamine, 500 nM
of azacytidine (Aza-C; Sigma), 20 nM of trichostatin (TSA; Sigma), 20 ng/mL of bone
morphogenetic protein 2 (BMP2; R&D), and 1x B27 (Life Technologies)]. After 2 days, the Aza-
C and TSA were removed, and cells were cultured in the astrocyte differentiation media for an

additional 28 days.

2.4.4 Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was prepared from cell samples using TRIzol® (Life Technologies), followed by DNA
digestion using Turbo DNA-freeTM kit (Invitrogen) according to the manufacturer’s instructions.
RNA samples (500 ng) was used to synthesize cDNA using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). qRT-PCR was performed on CFX96 Real-Time
Detection System (Bio-Rad) using either IQTM SYBR® Green Supermix (Bio-Rad) or TagMan™
Gene Expression Master Mix (Applied Biosystems) depending on the primers used. qRT-PCR
primer sequences are listed in Table s2-1. PCR conditions for SYBR Green primers: Initial 95°C
activation step for 30 sec followed by amplification cycles 95°C for 10 sec and 55°C for 30 sec
for 50 cycles. Reaction conditions for TagMan® gene expression primers: Initial 95°C activation
step for 10 min followed by amplification cycles 95°C for 15 sec and 60°C for 60 sec for 40 cycles.

Unless otherwise mentioned, one-way analysis of variance (ANOVA) was used for statistical
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comparison of qRT-PCR data. Statistical tests were performed using SPSS 23 (IBM) and graphs
were prepared using GraphPad Prism 6 (GaphPad Software, Inc.). Bar graphs reflect the mean +
standard error of the mean (SEM) values for each sample. Statistical significance was established

P <0.05.

2.4.5 RNA-seq experiments

Cell cultures were harvested and counted. Five hundred thousand cells were pelleted and
homogenized in 350 uL TRIzol® (Life Technologies). Cell homogenates were briefly vortexed
and stored at -80°C. The RNA was extracted using Qiagen’ s miRNeasy Mini Kit with DNase
digestion. The RNA quantity and quality were validated using Nanodrop 2000 Spectrophotometer
and Agilent’s 4200 Bioanalyzer Capillary electrophoresis. 10ng of total RN A was used as an input
for mRNA amplifications using Clontech Smarter V4 chemistry according to manufactures
instruction. Amplified mRNA was fragmented, and barcodes were added using I1lumina’s Nextera
XT kits. Amplified Libraries were validated by Agilent 4200 Tapestation and quantified using a
Qubit fluorimeter. Libraries were normalized, pooled and clustered on an Illumina HiSeq
3000/4000 Flowcell using the I1lumina cBOT. The libraries were sequenced on an Illumina HiSeq
3000 system in 101-base single-read reactions with multiplexing to achieve approximately 20

million reads per sample. RNA-seq experiments were performed in three different replicates.

2.4.6 Assay for transposase-accessible chromatin using sequencing (ATAC-seq)
ATAC-seq was performed using the Omni-ATAC protocol (Corces et al., 2017). Cell cultures
were harvested, washed in cold 1x PBS, and counted. One hundred thousand cells were

resuspended in 50 pL cold resuspension buffer (RSB; 10 mM Tris-HCI pH 7.4, 10 mM NaCl, and
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3 mM MgCl,) containing 0.1% NP-40 (Sigma), 0.1% Tween-20 (Sigma), and 0.01% digitonin
(Abcam ab141501) and incubated for 3 min on ice. Following lysis, I mL RSB with 0.01% Tween-
20 was added to the samples. Samples were centrifuged for 10 min at 4°C/500 x g and the
supernatant was carefully removed. Nuclei were then resuspended in the transposase reaction mix
(25 uL 2x TD buffer, 2.5 pL TnS transposase, 0.5 pL 10% Tween-20, 2.5 pL. 1% digitonin [0.05%
final concentration], and 19.5 pL water) and incubated at 37°C for 30 min in a thermomixer with
shaking at 600 r.p.m. Following the reaction, samples were treated with Proteinase K (Fisher
25530015) at 55°C for 2 hr and genomic DNA was isolated via phenol:chloroform:isoamyl alcohol
extraction and ethanol precipitation. Library preparation was performed using 2x KAPA HiFi mix
(KAPA BIOSYSTEMS INC #kk4604) and 1 mM indexed primers under the following PCR
conditions: 72°C for 5 min; 98°C for 30 sec; and 8-12 cycles at 98°C for 10 sec, 63°C for 30 sec,
and 72°C for 1 min. ATAC-seq experiments were performed on two replicates, which combine to

at least 50 million reads after all the quality control steps.

2.4.7 Analysis of RNA-seq and ATAC-seq data

RNA-seq and ATAC-seq data were analyzed as follows for all subsequent analysis except the
ANOVA. All data were aligned to “MacaM_Rhesus Genome Annotation v7.8.2” (Zimin et al.,
2014). RNA-seq data were aligned using Tophat2 v2.1.0 (Kim et al., 2013) with the flags, “--no-
mixed --no-discordant”, and differentially expressed genes were called using cuffdiff v2.1.1
(Trapnell et al., 2012) using default parameters and a cutoff of q <.01. ATAC-seq reads were first
trimmed using pyadapter trim.py and then aligned using bowtie version 2 2.2.6 with the flag, “-X
20007, then duplicates were removed from ATAC-seq samples using picard-tools-2.1.7

MarkDuplicates (Langmead et al., 2012). To adjust for fragment size, we aligned all reads as +
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strands offset by +4 bp and — strands offset by -5 bp (Buenrostro et al., 2013). Non-nucleosomal

ATAC-seq fragments (length < 125 bp) were then separated out for subsequent analysis.

Peaks of non-nucleosomal ATAC-seq reads were called on each replicate of each sample
separately using MACS2 version 2.1.0.20151222 (Zhang et al., 2008) in BAMPE mode with
default parameters. Peaks from separate replicates were then merged using bedtools merge to get
a single set of THSSs (Tn5 hypersensitive sites) for each sample. These were then input into
MAnorm3 to call differential peaks (HD vs. WT) at each stage (Shao et al., 2012). We required
that differential peaks had a logCPM (Counts per Million), averaged over HD and WT samples, >
1, as reported by MAnorm3. In addition, we required that they either had q < .01 or a logFC

(HD/WT) magnitude > 3 and p <.01.

2.4.8 Differential Heatmaps

To generate the differential heatmaps presented in this paper, fragments per kilobase per million
mapped reads (FPKM) values were calculated in each sample separately using pooled replicates.
Then log ratios were calculated as log((FKM_HD+.0001)/(FKM_WT+.0001)) to avoid division
by zero errors. In cases were FPKM_HD < 1 and FPKM_WT < 1, the value of the log ratio was

set equal to 0. The base of the log for these calculations was 2.

2.49 ANOVA
For ANOVAs, reads were aligned to the rhesus macaque (Macaca mulatta) assembly
(MacaM_Rhesus_Genome v7.fasta; Zimin et al., 2014) using STAR software (v2.5.2b; Dobin et

al., 2013). Transcripts were annotated using the UNMC rhesus annotation v 7.6.8 and unsorted
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bam files were sorted and indexed using samtools and converted to HTSeq-count format. Estimates
of gene-wise and isoform-wise expression levels for individual genes were performed using the R

package DESeq2 with R version 3.5.0 (Love et al., 2014).

2.4.10 Motif Analysis

Peaks were called for each sample with replicates pooled, using the same method described above
for individual replicates. Then FIMO, from MEME version 4.11.2, was used to scan for motif
occurrences within 200 bp of the summit of each peak in each sample, separately (Grant et al.,
2011). For cases where multiple motifs were called for the same peak, only the most statistically
significant motif was kept. To determine motif enrichment in the HD samples, we constructed a
2X2 contingency matrix for each motif separately, as follows. For example, for motif X, the matrix
NI11NI12

N21 N22,

was constructed, where N11=# of times motif X overlaps an HD-up differential peak, N12=# the
number of times all other motifs besides X overlap an HD-up differential peak, N21=# of times
motif X overlaps any HD peak, and N22=# of times all motifs except X overlap any HD peak.
Fisher’s exact test was then used to test the null hypothesis N11/(N11+N12) = N21/(N21+N22),
1.e. that the proportion of times that motif X occurs in HD-up differential peaks is the same as the
proportion amongst all HD peaks (i.e. what would be expected if a random sample of HD peaks
were selected). Those motifs with low p-values, therefore, have a much higher proportion of motif

X occurring in HD-up samples than would be expected by chance.
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This procedure was performed separately for proximal-promoter peaks (TSS +/- 500 bp) and for
distal peaks (> 500 bp from any TSS). The same procedure was conducted for each motif using
WT-up differential peaks and WT peaks to determine the significance of motif enrichment in WT
samples. In that case, the same matrix as above was constructed, except with N11=# of times the
motif X overlaps a WT-up differential peak, N12=# the number of times all other motifs besides
X overlap a WT-up differential peak, N21=# of times motif X overlaps any WT peak, and N22=#

of times all motifs except X overlap any WT peak.

p-values from this test were used to determine the size of circles in the motif enrichment plots as
in Fig. 1F,G, etc. No multiple test corrections were used in this case because the high degree of
degeneracy of motifs for different transcription factors means that the p-values for numerous pairs
of motifs are strongly dependent on one another, whereas multiple test-corrections such as g-value
require that all p-values have at most a weak degree of dependence (Storey et al., 2003). A weak
correlation amongst p-values is hypothesized in genome-wide differential expression analyses
from RNA-seq (Storey et al., 2003), for example, but in the case of a list of TF motifs, the relatively
small number of TFs combined with the high degree of correlation of p-values amongst related
TFs mean that this dependency amongst p-values is stronger than that for p-values from a genome-

wide differential expression analysis.

2.4.11 Gene set enrichment analysis (GSEA)
To identify pathways differentially modulated between WT and HD samples and different
differentiation stages, GSEA (Subramanian et al., 2005) was performed as follows. For each

contrast, transcripts were ranked by differential expression using the Signal2Noise metric. GSEA
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was performed wusing the desktop module available from the Broad Institute
(www.broadinstitute.org/gsea/). GSEA was performed on the ranked transcript lists using 1,000
gene set permutations, collapse of duplicates to Max probe, and random seeding. Gene sets used

included the (H) Hallmark and (C5) GO_BP gene sets (MSigDB v6.2; Liberzon et al., 2011).
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2.5 Results
2.5.1 In vitro astrocyte differentiation of HD and WT NHP cells

Stable NPC lines were previously established from HD and WT NHP pluripotent stem cells
(PSCs) (Carter et al., 2014). HD cell lines carried a construct for exon 1 of the human HTT gene
with 65 CAG repeats, along with an additional GFP vector, both under the regulation of the human
polyubiquitin-C (UBC) promoter (Yang et al., 2008). NPC cell cultures were induced to
differentiate into astrocytes using a previously established 30-day protocol (Majumder et al., 2013)
(Figure s2-1A). Quantitative reverse transcription PCR (qRT-PCR) analysis of both cell lines
across astrocyte differentiation shows increased expression of exon 1 HTT transcripts relative to
exon 26 HITT transcripts in HD cells compared to WT cells (Figure s2-1B), demonstrating
expression of the CAG expanded transgene in our HD cells. Additionally, both HD and WT cell
lines exhibit cell type-specific expression of canonical markers over the course of differentiation,
such as OCT4 and SOX2 in PSCs (Figure s2-1C, D); SOX2, MSI1, and NES in NPCs (Figure s2-
1C, D); and GFAP, APOE, and LCN2 in astrocytes (Figure s2-1E, F). Neuronal (MAP2, TH, GAD),
microglial (CX3CRI), and oligodendrocyte (FOXO4) markers were largely down regulated

following astrocyte differentiation (Figure s2-1G, H).

2.5.2 Aberrant transcriptional profiles are present during in vitro HD astrocyte differentiation
We performed RNA-seq in HD and WT NHP cells at four time points across astrocyte
differentiation: PSCs, NPCs, day 3, and astrocytes (day 30) (Figure s2-2). RNA-seq data for
markers of PSCs and NPCs (Figure s2-2A, B), astrocytes (Figure s2-2C, D), and other neural cell
types (Figure s2-2E, F), generally reflected the trends observed by qRT-PCR (Figure s2-1C-H).
Some minor inconsistencies are observed, but this is to be expected due to the high degree of noise

inherent in RNA-seq data. Interestingly, the inclusion of day 3 expression data in RNA-seq
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experiments revealed that HD cells showed early expression of astrocyte markers (GFAP, APOE,
LCN2) compared to WT cells (Figure s2-2C, D). These findings are in agreement with results from
a recent study, which reported that heterogeneous neural cultures (NPCs, astrocytes, and neurons)
derived from human HD iPSCs show expression profiles of premature initiation and incomplete
terminal differentiation compared to WT cells (HD iPSC Consortium, 2017).

Principal component analysis (PCA) of log2 transformed, normalized RNA-seq data
demonstrated the least variability between HD and WT cells was at the PSC stage, with progressive
divergence at each stage of differentiation and the greatest variability at the astrocyte stage (Figure
s2-3A). Additionally, global log2-transformed, normalized read counts illustrate the distinct
expression patterns of HD and WT cell lines that become progressively dissimilar as cells progress
towards the astrocyte stage (Figure s2-3B). Overall, RNA-seq libraries segregated by cell type
(HD vs. WT) and stage (PSCs, NPCs, day 3, astrocytes), with low variability between replicates.
This demonstrates that the observed variance is a result of mHTT expression and stage of astrocyte
differentiation. Cuffdiff (Trapnell et al., 2012) analysis of the RNA-seq data uncovered 5,643
differentially expressed (DE) genes between HD and WT cells in at least one time point (q <0.01),
with 2,218 DE genes in PSCs, 1,344 in NPCs, 3,118 at day 3, and 1,316 in astrocytes (Figure 2-
1A; Table 2-1; Table s2-2). Of these, 63 genes were differentially expressed across all 4 stages
(Figure 2-1A; Table s2-3). Figure 2-1B shows an example DE gene, KCNJ10, that has decreased
expression in HD astrocytes compared to WT astrocytes, with differences observed as early as the
NPC stage. KCNJ10, which encodes the Kir4.1 potassium ion channel, has been previously
demonstrated to be downregulated in HD mouse astrocytes (Tong et al., 2014). Thus, these data
provide further support for that finding, as well as for the ability of our NHP astrocytes to

recapitulate reported HD phenotypes. Hierarchical clustering of all DE genes showed associations
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between NPC, day 3 and astrocyte samples, whereas PSCs showed a unique DE profile (Figure 2-
1C).

We next compared the DE genes identified by our RNA-seq analysis to those identified to
be DE in heterogeneous neural cultures derived from human HD iPSCs (HD 1PSC Consortium,
2017). Only DE genes annotated in both species’ genomes were counted. This comparison yielded
824 overlapping genes, which is more than their reported overlap with a HD mouse data set (Figure
s2-3C; HD iPSC Consortium, 2017). Moreover, comparison of our DE gene list to a list of 3,853
DE genes in HD human brain tissues that were also annotated in the MacaM genome, demonstrated
1,323 genes shared between the two data sets (Figure s2-3D; Labadorf et al., 2015). It is not
surprising that many DE genes found by these studies in human HD models were not found to be
DE in the present study, since these studies examined mixed cell populations containing a high
proportion of neurons, whereas ours focused on astrocytes and their precursors specifically (HD
1PSC Consortium, 2017; Labadorf et al., 2015). On the other hand, we identified over 4,000 DE
genes that were not identified in either study, which may be due to the fact that we used highly
homogenous cell cultures rather than heterogeneous populations. GO analysis of our unique DE
genes revealed enrichment of astrocyte-specific genes (p < 0.001, data not shown), lending further
support to this. Taken together, these findings provide evidence that our NHP HD model
recapitulates transcriptome phenotypes reported from in vivo and in vitro human HD models,
provides greater resolution and statistical power for high-throughput studies of NPCs and
astrocytes, and identified a set of novel DE genes potentially involved in HD progression that were

not identified in previous high-throughput studies using heterogeneous cell populations.
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2.5.3 Promoter-proximal chromatin accessibility dynamics during HD differentiation

To characterize genome-wide changes in chromatin accessibility and assess their
association with the altered transcriptome in HD, we performed ATAC-seq (Corces et al., 2017)
on HD and WT cells in parallel with RNA-seq experiments. ATAC-seq was performed in 2
replicates, displaying high correlation within all samples, and thus, were combined to obtain at
least 50 million mapped reads after various quality control steps (Figure s2-3E, F; Table s2-4). We
isolated non-nucleosomal fragments (< 125 bp), which correspond to genomic regions protected
from the TnS5 transposase by proteins bound to the DNA (TnS5 hypersensitive sites [THSSs]). After
calling peaks for each sample, differential THSSs were determined for each stage (Table 2-2; see
Methods) and further separated into promoter-proximal (+/- 500 bp from transcription start site
(TSS)) and distal (>500 bp from any TSS) categories for subsequent analysis. Overall, there were
2,467 differential promoter-proximal THSSs (315 HD-enriched and 2,152 WT-enriched) and
44,649 differential distal THSSs (30,588 HD-enriched and 14,061 WT-enriched), suggesting that
although changes in chromatin accessibility occur genome-wide, HD cells demonstrate an overall
depletion of promoter accessibility during differentiation of PSCs into astrocytes. Of note, no
differential promoter-proximal THSS enrichment occurred at the KCNJI0 locus, but differences
in an intragenic distal THSS is evident between HD and WT cells during differentiation and
coincide with gene expression changes at each stage (Figure 2-1B).

To examine the genome-wide relationship between gene expression and promoter
accessibility during HD astrocyte differentiation, we first arranged differential promoter-proximal
THSS enrichment at each stage according to the order of DE genes shown in Figure 2-1C (Figure
2-1D). Heatmaps of the distribution of ATAC-seq reads around TSSs in each sample reflect the

differential THSS profiles observed for each stage (Figure 2-1E). Although changes in proximal



50

THSSs only correlate weakly to differential expression (Figure s2-3G, H), there are striking global
differences in promoter-proximal accessibility between HD and WT cells across differentiation.
For example, the majority of promoters in PSCs show slight enrichment of accessibility in HD
cells, while in NPC and day 3 samples, promoter accessibility is depleted in HD cells compared to
WT cells (Figure 2-1D, E).

Next, a motif analysis of differential proximal THSSs was performed. More motifs were
identified for HD-depleted than HD-enriched proximal THSSs (Figure 2-1F, G; Table s2-5), which
is consistent with the observed ratio of HD-enriched and WT-enriched proximal THSSs. TF motif
enrichment occurred with corresponding changes in TF expression at many differential proximal
THSSs across differentiation (Figure 2-1F, G). For many enriched motifs in HD-depleted proximal
THSSs, changes in accessibility were evident prior to changes in TF expression (Figure 2-1G).
Broadly speaking, this suggests that epigenetic alterations across HD astrocyte differentiation may
precede changes in gene expression, though further studies are needed to confirm this.

Interestingly, two TF motifs showed inverse differential enrichment profiles between HD
and WT cells in a stage specific manner, RFX4 and E2F1 (Figure 2-1F, G). In PSCs, the RFX4
motif is HD-enriched; however, NPC and day 3 samples show WT-enrichment of this motif, with
down regulated expression at day 3. Furthermore, the RFX2 motif shows similar patterns of WT-
enrichment in NPCs and at day 3 (Figure 2-1G). Interestingly, there is evidence that RFX4 is
specifically expressed in the brain and is important to neurodevelopment (Sugiaman-Trapman et
al., 2018; Zhang et al., 2006). Additionally, motif accessibility and expression of E2F1 is enriched
in WT NPCs and in HD astrocytes. It is notable that E2F2, E2F7 and E2F8 motifs are also WT-
enriched in NPCs (Figure 2-1G). The E2F TFs are well documented regulators of cell cycle

progression and apoptosis (Crosby et al., 2004). Taken together, our analysis of promoter-proximal
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THSSs revealed differential accessibility profiles across astrocyte differentiation along with stage-
specific TF motif enrichment, which largely preceded corresponding changes in TF expression
profiles. However, the majority of gene expression changes could not be explained by
corresponding changes in promoter accessibility, suggesting other genomic regulatory elements,

possibly enhancers, may contribute to altered transcription in HD cells.

2.5.4 Distal THSS profiles are widely altered during in vitro HD astrocyte differentiation
Genome-wide distribution of differential THSSs at each stage showed that most differences
occurred distal to promoters ( > 500 bp from any TSS): 96% in PSCs, 95% in NPCs, 93% in day
3, and 99% in astrocytes (Figure 2-2A, top panel). However, differential THSSs were more evenly
distributed between intergenic and intragenic regions; 37% in PSCs, 45% in NPCs, 48% in day 3,
and 42% in astrocytes were intragenic (Figure 2-2A, bottom panel). To gain insights into
alterations in distal accessibility across HD astrocyte differentiation, hierarchical clustering was
performed on distal THSSs that showed differential enrichment in at least one stage (Figure 2-2B).
Scaled distal THSS reads for each sample are shown and reflect the differential THSS profiles
observed at each stage of differentiation (Figure 2-2C). Distinct clusters of distal THSSs occur
between HD and WT cells, especially in NPCs, at day 3 and in astrocytes (Figure 2-2B, C). While
proximal THSSs showed differential enrichment at DE gene promoters in the PSC stage (Figure
2-1D), distal THSSs were strikingly similar in PSCs (Figure 2-2B, C). Alterations in distal
accessibility largely appears in NPCs, when cells are still multipotent but have committed to a
neural lineage. Given the body of research providing evidence for early dysregulation of a myriad
of neurodevelopmental pathways in HD (Biagioli et al., 2015; HD iPSC Consortium, 2012; HD
1IPSC Consortium, 2017), this finding suggests that the dysregulation of distal chromatin

accessibility observed in terminally differentiated HD astrocytes is established in the NPC stage.
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Next, we performed motif enrichment analyses in differential distal THSSs across HD
astrocyte differentiation (Figure 2-2D, E; Table s2-5). Several distal motifs show similar
enrichment patterns to identified proximal motifs (Figure 2-1F, G). For example, distal WT-
enrichment of RFX2, RFX3, and RFX4 motifs occurs in NPCs and astrocytes, and corresponded
with DE of these TFs (Figure 2-2E). E2F1 and E2F2 motifs also show moderate, distal enrichment
in WT NPCs, while the E2F7 motif is enriched in HD astrocytes (Figure 2-2D, E). Also of note is
the enrichment of the FOSL2 motif at distal THSSs in HD NPCs and astrocytes, with
corresponding expression changes (Figure 2-2D). While little is known about FOSL?2 specifically,
recent evidence suggests that targeting FOSL2 overexpression inhibited proliferation and
apoptosis in cancer cells (He et al., 2017; Ling et al., 2018). Overall, our motif analysis results

indicate widespread alterations in distal TF occupancy across HD astrocyte differentiation.

2.5.5 Enhancer accessibility is altered during in vitro HD astrocyte differentiation

It has been established that intergenic and intragenic regulatory elements, such as
enhancers, are bound by various TFs and directly regulate gene transcription (Shlyueva et al.,
2014; Vermut et al., 2016). Additionally, enhancer activity is highly specific between cell types
and across development (Shlyueva et al., 2014; Vermut et al., 2016). Given this, our finding that
altered distal THSS profiles during HD astrocyte differentiation are established in the NPC stage
(Figure 2-2B, C), after committing to a neural lineage, raises the question of whether these
differential distal THSSs are occurring at neurodevelopmental and astrocyte-specific enhancers.
In order to investigate this, we utilized published H3K27ac chromatin immunoprecipitation with
sequencing (ChIP-seq) data from a study that identified putative active brain enhancers (PABEs)
conserved in macaque and human brain tissues (Vermut et al., 2016). Since we used the MacaM

reference genome for all our analyses, and that paper did not, we realigned their raw ChIP-seq data
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to the MacaM reference genome and followed their protocol to call enhancers (Vermut et al., 2016;
Zimin et al., 2014). We identified 33,285 PABEs in MacaM; of those 5,233 overlapped with 6,453
of our differential distal peaks (Figure 2-2F). All stages of differentiation showed similar ratios of
differential intragenic/total enhancers as in all PABEs (Figure 2-2G); 53% in PSCs, 53% in NPCs,
55% in day 3, 62% in astrocytes, and 56% PABEs. Hierarchical clustering of differential THSS
enrichment at PABEs showed distinct clusters of altered enhancer accessibility, beginning in NPCs
and persisting through day 3 and astrocyte samples (Figure 2-2H), similar to what was observed
for all differential distal THSSs (Figure 2-2B). Again, PSCs show the least differences between
HD and WT accessible PABEs (Figure 2-2H), further supporting the idea that the dysregulated

chromatin signatures observed in mature HD cells are established in the NPC stage.

2.5.6 De novo motif analysis at differentially accessible enhancers

Next, MEME-ChIP (Machanick et al., 2011) was used to perform de novo motif discovery
analyses at differentially accessible PABEs at any stage and revealed significant enrichment of
several TF motifs (Figure 2-3; Figure s2-4). Although we observed distal HD depletion of RFX2,
RFX3 and RFX4 motifs across differentiation (Figure 2-2E), the RFX2 and RFX3 motifs were
HD-enriched at some PABEs and WT-enriched at others in astrocytes (Figure 2-3A, B). Previous
research has described tissue-specific expression profiles for the RFX TFs (Sugiaman-Trapman et
al., 2018). RFX2 is most well-known for its role in regulating spermiogenesis, in which reduced
expression induced apoptosis; it is also highly expressed in the brain (Sugiaman-Trapman et al.,
2018; Wu et al., 2016), while RFX3 is highly expressed in fetal tissues and the brain (Sugiaman-
Trapman et al., 2018). Consistent with these findings, we observed DE of RFX3 (Figure 2-3D) at
earlier stages of differentiation (NPCs and day 3), and DE of RFX2 (Figure 2-3C) in day 3 and

astrocyte samples. RFX4 expression followed similar trends to that of RFX2, with reduced
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expression in HD at day 3 and in astrocytes (Figure s2-4A). RFX5, which is reported to have broad
expression profiles across a variety of tissues (Sugiaman-Trapman et al., 2018), was only DE in
PSCs (Figure s2-4B). Overall, RFX motif accessibility is altered across HD astrocyte
differentiation.

Additionally, the FOSL2 motif showed increasing enrichment at HD accessible PABEs
(N=47; E-value=4.8¢e-54) from the NPC to astrocyte stages (Figure 2-3E, G), which is consistent
with the observed distal enrichment of the FOSL2 motif in HD NPCs and astrocytes (Figure 2-
2D). Differential expression of FOSL2 corresponded with increased motif enrichment at HD-
accessible PABEs (Figure 2-3H). FOSL2 is a member of the AP-1 TF complex, along with JUN,
whose motif is also enriched in HD accessible PABEs across differentiation (N=204; E-
value=4.8e-54) (Figure 2-3F, G). However, DE of JUN was only observed at day 3 and did not
correspond with differential motif accessibility at PABEs (Figure 2-3F, I). In summary, we
identified several candidate TF families, including RFX and FOSL2/JUN, that may aberrantly bind
enhancers and contribute to HD pathogenesis during astrocyte differentiation; although follow-up
studies are necessary to verify the specific TFs involved and to characterize TF binding dynamics

across HD differentiation.

2.5.7 Gene Ontology (GO) analysis of DE genes across HD astrocyte differentiation

GO analyses, using the Kyoto encyclopedia of genes and genomes (KEGG) pathway gene
sets, was performed to identify overrepresented pathways across astrocyte differentiation (q <
0.05; Liberzon et al., 2011). Consistent with our previous findings, PSCs had the most unique GO
results (Figure 2-4A), while GO results from DE genes in NPC, day 3 and astrocyte samples were
more similar to one another (Figure 2-4B, C, D; Figure s2-5A). Overrepresented KEGG pathways

in these 3 stages of differentiation included focal adhesion (hsa04510), ECM receptor interaction
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(hsa04512), DNA replication (hsa03030), p53 signaling pathway (hsa04115), cell cycle
(hsa04110), regulation of actin cytoskeleton (hsa04810), axon guidance (hsa04360), pyrimidine
metabolism (hsa00240), and PPAR signaling pathway (hsa03320), among others (Figure 2-4B, C,
D; Figure s2-5A). All of these pathways have been reported to contribute to HD pathogenesis
(Basu et al., 2013; Dickey et al., 2016; HD 1PSC Consortium, 2012; HD iPSC Consortium, 2017,
Hervas-Corpion et al., 2018; Labadorf et al., 2015; Molero et al., 2009, 2016; van Hagen et al.,
2017), although to our knowledge, this is the first study to identify them in astrocytes specifically.
Furthermore, 38.3% of the genes in the Huntington’s disease (hsa05016) pathway were DE at one
or more stage of HD astrocyte differentiation (Figure 2-4E, F; Figure s2-5B); however, the
pathway is significantly overrepresented only in the PSC stage (Figure 2-4A).

Since promoter-proximal THSS enrichment did not correlate with gene expression profiles,
we performed GO analysis on the nearest gene to all differential THSSs at each stage of
differentiation and obtained similar results to that of the GO analysis of DE genes (Figure s2-5C-
F; Table s2-6), including ECM receptor interaction (hsa04512), cell cycle (hsa04110), apoptosis
(hsa04210), focal adhesion (hsa04510) and axon guidance (hsa04360). Additionally, various
pathways involved in signaling and cancer were overrepresented in genes nearest to differential
THSSs (Figure s2-5C-F). Interestingly, GO analysis based on differential THSSs in PSCs more
closely resembled that of the other 3 stages (Figure s2-5C), in contrast to GO results for DE genes
at the PSC stage (Figure 2-4A).

In order to specifically identify relevant trends in transcriptional dysregulation during HD
astrocyte differentiation, we performed agnostic gene set enrichment analysis (GSEA) using the
molecular signature database (MSigDB) at the NPC and astrocyte stages (Liberzon et al., 2011;

Subramanian et al., 2005). Using this unsupervised approach, we found significant enrichment of
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9 pathways between HD and WT cells (Figure 2-4G). Four cell cycle related pathways (E2F target
genes (Hallmark; q < 0.02), G2/M Checkpoint (Hallmark; q < 0.02), sister chromatid cohesion
(GO:BP; GO:0007062; q < 0.02), and sister chromatid segregation (GO:BP; GO:0000819; q <
0.02)) showed depletion in HD NPCs and enrichment in HD astrocytes compared to WT cells
(Figure 2-4G). Notably, the inverse enrichment of E2F target gene expression in HD cells
corresponds with the stage-specific trends in E2F motif enrichment we observed at both promoter-
proximal and distal differential THSSs. Additionally, gene sets involved in synapse assembly
(GO:BP; GO:0007416; q < 0.02) and CNS development (GO:BP; GO:0007417; q < 0.02) were
enriched in HD NPCs and depleted in HD astrocytes compared to WT (Figure 2-4G). Pathways
enriched in HD cells at both stages compared to WT included apoptosis (Hallmark; q < 0.02),
epithelial to mesenchymal transition (EMT) (Hallmark; q < 0.02), and inflammation (Hallmark; q
<0.02) (Figure 2-4G). Given that these pathways have all been previously reported on, we decided
to focus on pathways involved in the cell cycle, as they show both overrepresentation (cell cycle
(hsa04110), p53 signaling pathway (hsa04115); Figure 2-4B, D) and the most significant

enrichment (Figure 2-4G) in our DE genes.

2.5.8 Progressive up regulation of p53 signaling genes occurs during HD astrogenesis

mHTT binds to p53, resulting in dysregulation of its transcriptional activity at select genes
and impacting cell cycle progression, apoptosis, and DNA damage repair (Bae et al., 2005; Lu et
al., 2015; Steffan et al., 2000); however, the role of p53 signaling in HD is not well understood.
Furthermore, p53 signaling and cell cycle pathways have not been examined in HD astrocytes.
Results from the GO analyses of DE genes indicate that significant alterations in p53 signaling
occur during HD astrocyte differentiation (Figure 2-4B, D). Over half the p53 signaling genes were

found to be DE in at least one stage of astrocyte differentiation (52.7%; Figure s2-6A). Although
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no changes in p53 expression were observed, there is evidence that dysregulation of p53 in HD
can be posttranslational, with upregulation at the protein level, but not in mRNA (Bae et al., 2005).
Widespread transcriptional dysregulation of the p53 signaling pathway in HD samples (Figure 2-
5A) included genes involved in cell cycle arrest (Cyclin Bl; Figure 2-5A, B; Figure s2-6B),
apoptosis (7P5313; Figure 2-5B; Figure s2-6C), and DNA repair and damage prevention (RRM2B;
Figure 2-5B; Figure s2-6D). Additionally, important upstream effectors of p53 signaling, p144%F
(also known as CDKN24; Figure 2-5A, B; Figure s2-6E) and MDM?2 (Figure 2-5A, B; Figure s2-
6F) were upregulated in HD NPCs, day 3, and astrocytes. A heatmap of the 38 DE genes in this
pathway demonstrates the progressive up regulation of p53 signaling genes observed in HD NPC,
day 3 and astrocyte samples (Figure 2-5B).

In support of this, GSEA using Hallmark gene sets showed significant enrichment of p53
pathway genes in HD astrocytes (q < 0.02; Figure 2-5C), but not HD NPCs (q < 0.05; Figure s2-
6G), compared to WT cells. Additionally, cross sectional GSEA results indicated significant
enrichment of apoptosis pathway gene expression in HD astrocytes (q < 0.02; Figure 2-5D), but
not NPCs (q < 0.18; Figure s2-6H). Furthermore, agnostic longitudinal GSEA, comparing gene
expression profiles between NPCs and astrocytes in HD and WT separately, reported a significant
enrichment of the apoptosis pathway in HD astrocytes compared to HD NPCs (q < 0.02; Figure
s2-61), but not WT astrocytes (q < 0.07; Figure s2-6J). Taken together, our results suggest that the
p53 signaling pathway is progressively dysregulated during HD astrocyte differentiation and

impacts the expression of genes involved in the cell-cycle and apoptosis (Figure 2-5A-D).

2.5.9 Cellular pathways related to the cell cycle are altered during HD astrocyte differentiation
p53 upregulation has been associated with cell cycle deficits in HD models; however, the

global downstream transcriptional consequences of p53 dysregulation in HD remain unknown (Lu
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et al., 2015; Reynolds et al., 2018). GO analyses identified alterations of the cel/ cycle pathway in
HD cells across differentiation (Figure 2-4B, D; Figure s2-5A). Further unsupervised GSEA
revealed significant, temporally-dependent enrichment of multiple pathways involved in the cell
cycle during astrocyte differentiation (Figure 2-4G). Cross sectional enrichment analyses
demonstrated significant depletion in the expression of genes in sister chromatid cohesion
(GO:BP; GO:0007062; q < 0.02; Figure 2-5E), G2M Checkpoint (q <0.02; Figure s2-7A), and
sister chromatid segregation (GO:BP; GO:0000819; q < 0.02; Figure s2-7C) pathways in HD
NPCs compared to WT. In contrast, HD astrocytes displayed significant enrichment of these
pathways compared to WT cells (q < 0.02; Figure 2-5F; Figure s2-7B, D). This inverse enrichment
across differentiation is illustrated by DE of genes such as Cyclin BI (Figure s2-6B) and CDK/
(Figure s2-7F), which regulate cell cycle checkpoints.

Altered expression was observed throughout the cell cycle pathway (Figure 2-5G), with
nearly half the gene set (43.5%; Figure s2-7E) showing DE in at least one stage of astrocyte
differentiation. While overall upregulation of cell cycle gene expression was observed between
NPC and astrocyte stages in HD samples, as seen with Cyclin D1 (Figure s2-7G), a small number
of DE genes, such as Cyclin D2 (Figure s2-7H), showed reduced expression compared to WT cells
across differentiation. Figure 2-5G provides insight into the potential downstream cell cycle
consequences of altered p53 signaling in HD. A heatmap showing DE of cell cycle pathway genes
across all 4 stages of differentiation illustrates the inverse expression profiles of HD NPCs and HD
astrocytes compared to respective WT cells (Figure 2-5H).

Taken together, our data suggest that dysregulation of p53 signaling and cell cycle
pathways in HD occurs early in neural development and is progressive, with HD astrocytes

showing increased expression of a majority of pathway genes compared to WT astrocytes (Figure
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2-5B, H). As p53 signaling is responsible for the regulation of multiple pathways, these analyses
cannot directly conclude that aberrant p53 signaling is responsible for the altered cell cycle
transcription profiles observed. However, as many DE genes in the p53 pathway are also in the
cell cycle pathway and both pathways show similar expression trends (Figure 2-5B, H), we
continued with investigations of HD-mediated cell cycle aberrations during astrocyte

differentiation

2.5.10 E2F dysregulation during HD astrocyte differentiation

Unsupervised GSEA analysis comparing HD and WT cells at the NPC or astrocyte stage
consistently reported that E2F target genes were the most significantly enriched gene set between
our samples (q < 0.02; Figure 2-6A, B). As with the other cell cycle pathways reported here,
inverse enrichment showed significant depletion of E2F target gene expression in HD NPCs
compared to WT NPCs (Figure 2-6A), while HD astrocytes showed significant enrichment
compared to WT (Figure 2-6B). Furthermore, longitudinal GSEA of WT and HD samples
demonstrated that in WT cells, E2F target gene expression was enriched at the NPC stage
compared to the astrocytes stage (q < 0.02; Figure s2-8B). However, HD cells showed no
significant enrichment of E2F target genes across differentiation (q < 0.41; Figure s2-8A),
demonstrating aberrant regulation of these genes begins at the NPC stage and persists through HD
astrocyte differentiation. Interestingly, findings from motif analyses of differential THSSs indicate
E2F1, E2F2, E2F7, and E2F8 motifs show corresponding trends with GSEA findings; with WT-
enrichment of E2F motifs observed in NPCs and HD-enrichment of the E2F1 motif observed in
astrocytes (Figure 2-1F, G; Figure 2-2D, E). The stage specific, DE of E2FI (Figure 2-6C), which
corresponded to promoter motif enrichment and expression profiles of target genes, prompted us

to examine the expression of all E2F family members across astrocyte differentiation (Figure 2-
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6C, D; Figure s2-8C-H). While only E2F (Figure 2-6C) and E2F7 (Figure 2-6D) demonstrated
DE patterns corresponding to the GSEA results, most other E2F TFs were DE in at least one stage
of astrocyte differentiation (Figure s2-8C-H).

To better characterize the interplay between altered chromatin accessibility and E2F target
gene expression, we first examined promoter-proximal ATAC-seq enrichment at target genes that
were DE in at least one stage (Figure s2-9A, B). Consistent with our genome-wide results, we
found that differences in promoter accessibility (Figure s2-9A) did not correlate strongly with E2F
target gene expression across HD differentiation (Figure s2-9B). Overall, it appears alterations in
E2F target gene promoter accessibility lag behind changes in expression, suggesting other
regulatory mechanisms may drive DE of E2F target genes in HD astrocytes.

This prompted us to examine the nearest differential THSSs (both proximal and distal) to
E2F target gene promoters (Figure 2-6E). We observed a dramatic increase in accessibility in HD
astrocytes, which more closely reflected expression profiles for corresponding E2F target genes
(Figure 2-6F). Motif scanning of these nearest differential peaks associated with E2F target genes
in NPCs and astrocytes revealed no specific motif enrichment in these peaks (Table s2-7). In fact,
enrichment of any reported TF motif only occurred at a few THSSs in each stage, indicating
multiple TFs may contribute to the observed E2F target gene dysregulation. At any stage, these
nearest differential THSSs occurred within 250 kb of E2F promoters (Figure s2-9C). Surprisingly,
the majority of NPC and day 3 differential THSSs occurred less than 50 kb from gene promoters,
despite showing much less association with DE of target genes compared to astrocytes (Figure 2-
6E, F; Figure s2-9C). Interestingly, almost 50% of E2F genes demonstrated HD enrichment at the
nearest differential THSS at day 3, which coincided with upregulation of E2F genes in HD

astrocytes, hinting at the possibility that these nearest differential THSSs in day 3 could be early
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signatures of the upregulated expression observed in HD astrocytes. For example, E2F target gene
MCM3 was DE in NPC, day 3 and astrocyte samples (Figure 2-6G; Figure s2-9D). Although no
differential promoter-proximal accessibility was observed at MCM3, corresponding differential
THSS enrichment was observed both upstream of the promoter (around 15 kb and 30 kb), as well
as up to 10 kb downstream of the transcription end site (Figure 2-6G). Notably, MCM3 is a well-
established marker of proliferation and one of six mini-chromosome maintenance (MCM) genes
within the cell cycle pathway that are targeted by E2F TFs. All 6 E2F-regulated MCM genes
(MCM2, MCM3, MCM4, MCM5, MCM6, MCM7) were DE in at least one stage of astrocyte
differentiation (Figure 2-5G; Figure s2-9D-I).

In addition to cell cycle and apoptosis specific genes, E2F TFs also regulate several
epigenetic factors that demonstrated DE during astrocyte differentiation. For example, the H3K27
methyltransterase, EZH2 was downregulated in HD NPCs but overexpressed in HD astrocytes,
following the expression pattern of cell cycle and apoptosis related genes across differentiation
(Figure s2-9J). DNMTI (Figure s2-9K) and UHRFI (Figure s2-9L) also showed depleted
expression in HD NPCs, but by day 3 of astrocyte differentiation onward, these regulators of DNA
methylation were significantly overexpressed compared to WT cells. Additionally, HMGN3
displayed DE in NPCs and astrocytes (Figure s2-9M); however, in contrast to the DE profiles of
most other E2F target and cell cycle genes, HMGN3 was significantly overexpressed in HD NPCs
and depleted in HD astrocytes. HMGN3 binds to and remodels accessibility of chromatin to
directly modulate transcription (West et al., 2004). Most interestingly, HMGN3 has been
suggested to be important to normal astrocyte function (Ito et al., 2002; West et al., 2004). Thus,
the observed HMGN3 upregulation in HD NPCs and depletion in HD astrocytes (Figure s2-9M)

1s consistent with our previous findings for other astrocyte specific genes (GFAP, APOE, LCN2)
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during HD differentiation (Figure s2-2C, D), and provides further evidence that premature
initiation and incomplete terminal differentiation occurs during HD astrogenesis. In summary, we
observed E2F dysregulation during HD astrocyte differentiation that not only impacted cell cycle
progression and apoptosis pathways, but also caused aberrant expression of epigenetic and
chromatin remodeling proteins, possibly resulting in incomplete astrocyte differentiation in HD

cells.

2.6 Discussion

Here we analyzed transcription and chromatin accessibility dynamics during astrocyte
differentiation in WT and transgenic HD NHP PSCs using an unbiased, integrative approach. We
identified genome-wide alterations in gene expression across differentiation; however, persisting
DE patterns were only evident from the NPC to astrocyte stage. PSCs displayed a more unique DE
profile. DE genes identified by RNA-seq in our HD NHP cells showed considerable overlap with
RNA-seq data sets from in vitro and in vivo human HD models (HD iPSC Consortium, 2017,
Labadorf et al., 2015) and GO analysis of unique DE genes revealed overrepresentation of
astrocyte-specific genes, providing further evidence that our HD NHP model recapitulates HD-
associated phenotypes and may offer a reliable and translatable system for the investigation of the
contribution and dysregulation of astrocytes in neurodegenerative diseases, as well as for the
identification of potential effective therapeutic strategies.

Furthermore, we found extensive alterations in THSS enrichment and thus, TF occupancy
during HD astrocyte differentiation. Overall, HD cells showed depletion of promoter-proximal
accessibility; however, most differential THSSs were found at enhancers and other distal regions
and were more strongly correlated to changes in gene expression than promoter accessibility.

Differential distal THSSs displayed a distinct and progressive signature of dysregulation as HD
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NPCs differentiate into astrocytes. Interestingly, the NPC and day 3 stages each had more than
double the number of differential THSSs than either the PSC or astrocyte stage. We also identified
several TFs that showed stage-specific motif enrichment in differential THSSs along with
corresponding changes in expression, often in subsequent stages, such as RFX2, RFX4, and
FOSL2. To our knowledge, these TFs have not been previously implicated in HD, thus warranting
further investigation. Our data suggests that aberrant priming of epigenomic profiles occurs in HD
NPCs, after committing to a neural lineage, and leads to compounding dysregulation of chromatin
accessibility, TF binding and transcription during HD astrocyte development. As enhancer activity
is known to be highly context specific and altered by disease pathology, it is important to point out
that H3K27ac, which was used to define PABEs in the present study, has been shown to be altered
in HD (Giralt et al., 2012; Lee et al., 2013a; McFarland et al., 2012; Sadri-Vakili et al., 2007,
Shlyueva et al., 2014; Vermut et al., 2016). While our results offer the first evidence of altered
chromatin accessibility across HD astrocyte differentiation, further investigations of chromatin
signatures and TF binding at regulatory elements across differentiation and in various neural cell
types are necessary to confirm our findings and to fully understand the interplay of epigenomic
and transcriptome dysregulation in HD.

In summary, PSCs showed the most distinct differential expression and THSS profiles,
while progressive aberrant trends were observed from HD NPCs to astrocytes. Based on the
clustering patterns observed in both our RNA-seq and ATAC-seq data, we hypothesize that there
are 2 distinct stages of HD-mediated dysregulation that occur during astrocyte development: one
in PSCs, and the other begins in the NPC stage, after commitment to a neural lineage. This
hypothesis is consistent with findings from a study profiling H3K27me3 and H3K4me3 dynamics

during early HD differentiation, which demonstrated that HD ESCs and NPCs displayed distinct
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chromatin signatures, suggesting differential HD-mediated dysregulation occurs across
development (Biagioli et al., 2015). This study did not investigate any further stages of neural
differentiation, but RNA-seq findings have widely reported alterations of pathways associated with
neurodevelopment in HD (HD iPSC Consortium, 2012, 2017; Labadorf et al., 2015; Molero et al.,
2009, 2016; Seredenina et al., 2012), indicating that early alterations may persist across
development. It is possible that this dichotomy between PSCs, and NPCs and their derivatives
results from the well documented impact of mHTT on neurodevelopment specifically (White et
al., 1997; Wiatr et al., 2018; Yu et al., 2017); as PSCs transition to NPCs and commit to a neural
lineage, neurodevelopmental programs are initiated and in the presence of mHTT, are
progressively dysregulated.

Changes in gene expression determined by RNA-seq revealed alterations of pathways
previously identified in HD, but not specifically in astrocytes, and implicate dysregulation of
multiple cell cycle pathways, including p53 signaling, during HD astrogenesis. p53 acts as a TF
to regulate many cellular processes and has been implicated in cell cycle dysregulation in HD (Lu
et al., 2015; Reynolds et al., 2018). We observed a significant, progressive upregulation of p53
signaling genes in HD between the NPC and astrocyte stage that coincided with enrichment in cell
cycle and apoptosis pathways. Notably, upstream regulators of p53 signaling, CDKN2A4 and
MDM?2, were upregulated in HD day 3 and astrocytes. In addition, the p53 pathway gene RRM2B,
which plays a role in DNA synthesis and repair (Pontarin et al., 2012), was upregulated in HD
cells at all stages of astrocyte differentiation. Interestingly, a genome-wide association study
(GWAS) identified the minor allele of RRM2B as a genetic modifier associated with accelerated
onset in HD patients (Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium, 2015).

Given this, we suggest RRM2B as a potential candidate for follow-up studies. Based on our
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findings, we hypothesize that observed alterations in p53 signaling contribute, potentially via
multiple mechanisms, to the progressive dysregulation of the cell cycle and HD pathogenesis
during astrocyte differentiation.

Stage specific alterations in the cell cycle have been identified in mouse and human models
of HD (Basu et al., 2013; Boudreau et al., 2009; Labadorf et al., 2015; Lopes et al., 2016; Lu et
al., 2015; Molero et al., 2009; Pelegri et al., 2008; Reynolds et al., 2018). For example, mHTT has
been shown to disrupt spindle orientation and thus, mitotic division (Lopes et al., 2016). Further
molecular evidence from 293 cells expressing mHTT has demonstrated that the appearance of cell
cycle arrest and mitotic defects coincides with an observed increase in p53 expression (Lu et al.,
2015). Consistent with this, we observed that changes in cell cycle gene expression followed the
same trends as those observed in the p53 pathway, with depletion in HD NPCs and enrichment in
HD astrocytes. We also identified 4 specialized cell cycle pathways that showed substantial,
significant differential enrichment between HD and WT in NPCs and astrocytes: E2F target genes,
G2/M checkpoint, sister chromatid cohesion, and sister chromatid segregation.

Of particular interest was the E2F target gene set. E2F TFs are most widely known for their
role in cell cycle regulation; with E2F1, E2F2 and E2F3 serving as activators, while E2F7 and
E2F8 are repressors (Swiss et al., 2010). E2F1 is a TF that regulates the G1/S checkpoint of the
cell cycle and has been shown to regulate cell death through a p53-dependent manner (Iaquinta et
al., 2007; Johnson et al., 2006; Ting et al., 2014). Recent evidence suggests that E2F1 1is also
capable of initiating apoptosis by directly inducing the expression of CDKN2A, which forms a
complex with MDM?2 and p53 to initiate cell cycle arrest and apoptosis (Bates et al., 1998; Moroni
et al., 2001). Additionally, aberrant expression of E2F TFs can cause cell cycle re-entry and

apoptosis (Dirks et al., 1998; Wu et al., 2015). Consistent with these findings, we observed DE of
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most E2F TFs and upregulation of target gene CDKN2A, along with increased p53 signaling, cell
cycle, and apoptosis pathway activation in our HD astrocytes, suggesting a similar mechanism is
occurring in our HD cells during differentiation. Although the roles of individual E2F TFs in p53
signaling and cell cycle dysregulation in HD are not well characterized, E2F1 dysregulation has
also been implicated in neuronal death in neurodegenerative diseases such as Alzheimer’s disease
(Jordan-Sciutto et al., 2002) and Parkinson’s disease (Hoglinger et al., 2007; Jordan-Sciutto et al.,
2003), and was reported to be upregulated in human HD brains (Pelegri et al., 2008). Taken
together, our results suggest that aberrant cell cycle re-entry during HD astrocyte differentiation
induces apoptosis via an E2F1-p53 dependent mechanism. Future molecular studies are necessary
to characterize these events in HD cells.

The present study showed global alterations in E2F motif enrichment at differential THSSs
across astrocyte differentiation that coincided with E2F target gene expression profiles. We found
that the nearest differential THSS to E2F target promoters more strongly associated with gene
expression than promoter accessibility. Interestingly, DE profiles of E2F target genes preceded
changes in nearby, differential THSS enrichment, suggesting other regulatory mechanisms might
contribute to E2F dysregulation in HD astrocytes. We also provided evidence that the altered
expression profiles of E2F target genes during HD astrocyte differentiation may be regulated by
differential binding of multiple different TFs at distal regulatory regions. However, future studies
are necessary to shed light onto the regulatory interactions underlying the DE of E2F target genes.

Interestingly, among the E2F target genes that were found to be DE during differentiation
were several epigenetic factors, including regulators of histone and DNA methylation (EZH2,
DNMTI, UHRFI) and chromatin remodelers (HMGN3). All three methyltransferases showed

depletion in HD NPCs and upregulation in HD astrocytes. EZH2 is part of the polycomb repressive
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complex 2 (PRC2), which is critical for ESC differentiation into NPCs (Jepsen et al., 2007;
Orlando, 2003; Seong et al., 2009). Although HTT is known to directly interact with EZH2, the
influence of mMHTT on EZH2-mediated H3K27me3 is not well defined (Biagioli et al., 2015; Seong
et al., 2009). Additionally, global alterations in DNA methylation in HD have been reported and
were interestingly found to be differential across brain regions (Horvath et al., 2016; Ng et al.,
2013), highlighting the need for extensive characterization of the HD epigenome both across
neural cell types and throughout neurodevelopment. Both DNMTI and UHRFI activity are
associated with the cell cycle; DNMT1-mediated DNA methylation is bound by UHRF1, which
also binds histone H3 lysine 9 trimethylation (H3K9me3) to orchestrate higher, multi-layer
epigenetic regulation of transcription. Of note, H3K9me3 has been reported to be enriched in HD
human and mice brains (Ryu et al., 2006; Lee et al., 2013). Further, it has been demonstrated that
inhibiting DNMTs provides a neuroprotective effect in HD mice (Pan et al., 2016). Given their
association with less accessible chromatin and our findings that HD promoters showed depleted
accessibility, while distal accessibility was largely HD enriched across differentiation, it would be
interesting to more closely examine the consequences of altered DNMT1 and UHRF'I expression
on DNA methylation and H3K9me3 dynamics during HD astrocyte differentiation.

Finally, in contrast to DE profiles for other E2F target genes, HMGN3 expression was
significantly increased in HD NPCs, but was significantly depleted in HD astrocytes. This
chromatin remodeling enzyme has been shown to control astrocyte differentiation from NPCs
(Nagao et al., 2014) and is important to astrocyte function (Ito et al., 2002; West et al., 2004). The
present study provided evidence that multiple astrocyte specific genes, such as HMGN3, GFAP,
APOE, and LCN2, are significantly upregulated early in HD differentiation (NPC and day 3 stages)

both compared to corresponding WT samples and to expression levels observed in HD astrocytes.
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In support of previously reported evidence from heterogenous neural populations, this finding
suggests that our HD cell prematurely upregulated astrocyte differentiation pathways, but never
fully develop mature astrocyte transcription profiles (HD iPSC Consortium, 2017), causing early
and progressive impairments that not only impact astrocytes themselves, but may also leave their
associated neuron population more vulnerable to environmental stressors and neurotoxicity (Shin
et al., 2005). Notably, our HD astrocytes took on a flattened appearance in contrast to the stellate
morphology of our WT astrocytes.

Dysregulation of E2F TFs and cell cycle pathways provides further support for this, as E2F
TFs are also known to regulate the switch between proliferating NPCs and differentiation
expression profiles that require exit from the cell cycle for commitment to a specific neural lineage,
such as glial cells (Magri et al., 2014; Nygard et al., 2003; Swiss et al., 2010). In fact, E2F4 and
E2F5 regulate differentiation of NPCs into specific neural lineages (Swiss et al., 2010), along with
E2F1 downregulation (Magri et al., 2014; Nygard et al., 2003). There is also evidence that each
E2F TF regulates distinct gene sets in a stage-specific manner across neurodevelopment (Dirks et
al., 1998; Swiss et al., 2010; Wu et al., 2015). Consistent with this, our WT NPCs showed
enrichment of cell cycle pathways, specifically E2F target genes. Once induced to differentiate
into astrocytes, WT cells show dramatic down regulation of cell cycle and E2F target genes by day
3, which persists in WT astrocytes. HD NPCs displayed downregulation of cell cycle and E2F
target genes compared to WT cells. Upon differentiation into astrocytes, E2F TF expression is
upregulated in HD cells with increased cell cycle gene expression and aberrant cell cycle re-entry
that coincides with enrichment of p53 signaling and apoptosis pathways. Interestingly, HD NPC
cultures exhibited slowed proliferation, with WT cultures requiring passage twice as often as HD

cultures. This demonstrates our HD NHP cells were unable to properly regulate E2F TFs and
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switch to the differentiation transcriptome required for the generation of mature astrocytes. This
incomplete activation of astrocyte markers in HD cells may be a downstream consequence of early
E2F dysregulation. Future studies should focus on identifying the initial mechanisms of E2F
dysregulation and the direct downstream transcriptional consequences of aberrant E2F activity
during HD astrocyte differentiation. Taken together, these results indicate that E2F TF
dysregulation during astrocyte differentiation has consequences that extend beyond cell cycle
regulation.

In summary, we observed E2F dysregulation that not only impacted cell cycle progression
and apoptosis pathways, but also altered the expression of chromatin remodeling and epigenetic

proteins, possibly resulting in suboptimal astrocyte differentiation in HD cells.
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Figure 2-1. Characterization of promoter-proximal THSSs at differentially expressed genes
during HD astrocyte differentiation. (A) Venn diagram showing overlap of genes differentially
expressed between HD and WT cells at each stage of astrocyte differentiation. (B) Track view of
RNA-seq and THSSs, as well as identified motifs within ATAC-seq peaks across the KCNJI10
gene. HD samples are shown in red and WT samples are shown in blue. (C) Heatmap depicting
5,643 genes found DE at any stage of differentiation. Red indicates increased expression in HD
cells and blue indicates reduced expression in HD cells. Each row corresponds to the same gene.
(D) Heatmap depicting differential THSS enrichment at DE gene promoters. The red color
represents HD enrichment and the blue color indicates HD depletion. Genes arranged according
to gene order in panel C. (E) Distributions of ATAC-seq peaks around the promoter (+/- 2kb TSS)
in HD and WT cells at each timepoint across differentiation. (F-G) TF motifs identified at
differential promoter-proximal ATAC-seq peaks in HD (F) and WT (G) cells. Only TF motifs with

significant enrichment at least at one stage were included (p < 0.05).
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Figure 2-2. Characterization of differential distal THSSs during HD astrocyte
differentiation. (A) Genome-wide distribution of differential THSSs between HD and WT cells
across differentiation identified from ATAC-seq non-nucleosomal fragments. Both distal vs.
proximal (top) and intergenic vs. intragenic distributions (bottom) are reported. THSSs located +/-
500 bp from a TSS are considered proximal. (B) Heatmap depicting differential enrichment of
distal ATAC-seq THSSs at each stage of differentiation. The red color represents HD enrichment
and the blue color indicates HD depletion. (C) Genome-wide distributions of distal ATAC-seq
THSSs from HD and WT cells at each timepoint. (D-E) TF motifs identified from distal ATAC-
seq peaks that were enriched in HD (D) and WT (E) cells. Only TF motifs with significant
enrichment at least at one stage were included (p < 0.05). (F) Venn diagram showing overlap of
differential distal ATAC-seq THSSs and Putative Active Brain Enhancers (PABEs) previously
published (Vermut et al., 2016). Purple denotes ATAC-seq peaks and green indicates macaque
brain enhancers. (G) Genome-wide distribution of differential enhancer THSSs across HD
astrocyte differentiation. (H) Heatmap depicting differential enrichment of distal ATAC-seq
THSSs at PABEs during differentiation. The red color represents HD enrichment and the blue

color indicates HD depletion.
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Figure 2-3. Differences in TF binding site accessibility occur in putative enhancers at every
stage of differentiation in HD cells. (A) Heatmap depicting differential ATAC-seq signal in HD
and WT cells at macaque brain enhancers containing the RFX2, RFX3, and RFXS5 binding
sequences (N=125). The red color represents enrichment and the blue color indicates depletion of
THSSs containing this RFX motif in HD cells. (B) RFX2, RFX3, and RFXS5 motif found by de
novo motif analysis at enhancers showing differential ATAC-seq. (C-D) Bar graphs generated
from RNA-seq data depicting differential expression of RFX2 (C) and RFX3 (D) occurs during the
NPC, day 3, and astrocyte stages of HD astrocyte differentiation. (E-F) Heatmap depicting
differential THSSs at macaque brain enhancers containing FOSL2 (N=47; panel E) and JUN
(N=204; panel F) binding sequences. Red represents HD enrichment and blue represents HD
depletion. (G) The motif for FOSL2 and JUN found at enhancers showing differential ATAC-seq
enrichment. (H-I) Bar graphs generated from RNA-seq for FOSL2 (H) and JUN (I) expression
across differentiation. All RNA-seq experiments were performed in three biological replicates and

average FPKM for each sample was plotted (**p < 0.001, differential expression analysis).
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Figure 2-4. RNA-seq identifies multiple pathways that are altered across HD astrocyte
differentiation. (A-D) Top ten KEGG pathways reported from GO analyses of DE genes at the
PSC (A), NPC (B), day 3 (C) and astrocyte (D) stages. Pathways are ranked by -log10 (g-value),
determined by Benjamini-Hochberg procedures, with threshold set to q < 0.05. Line graphs show
the ratio of DE genes in each KEGG pathway. (E) DE genes at any stage show overlap with the
KEGG Huntington’s Disease pathway. (F) Huntington’s disease pathway showing DE genes (in
purple) in HD cells at any stage of astrocyte differentiation. (G) Bar plot depicting the enrichment
scores of the top 9 most enriched gene sets, which comprise 6 functional categories. Negative
enrichment scores (left; blue) reflect HD depleted gene sets, and positive enrichment scores (right;
red) represent HD enriched gene sets. NPC GSEA results are shown in purple and astrocyte GSEA

results are shown in orange.
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Figure 2-5. RNA-seq revealed dysregulation of p53 signaling and cell cycle pathways across
HD differentiation. (A) p53 signaling pathway diagram showing DE genes (in purple) in HD cells
at any stage of astrocyte differentiation. (B) Heatmap depicting 38 DE genes in the p53 signaling
pathway at each stage of differentiation. Red indicates increased expression in HD cells and blue
indicates reduced expression in HD cells. Each row corresponds to the same gene and gene names
are displayed to the right of the plot. (C-F) Cross sectional GSEA enrichment plots. For GSEA
plots, the black lines indicate the position of pathway genes in the expression data rank-sorted
between HD and WT samples. Red dots indicate leading edge genes. g-values are FDR corrected
p-values with alpha=0.02, or the equivalent. (G) Diagram of the KEGG cell cycle pathway
showing genes DE (purple) in HD cells. (H) Heatmap depicting 54 DE cell cycle genes in the p53
signaling pathway at each stage of differentiation. Red indicates increased expression in HD cells
and blue indicates reduced expression in HD cells. Each row corresponds to the same gene and

gene names are displayed to the right of the plot.
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Figure 2-6. Aberrant E2F regulation coincides with increased p53 signaling and cell cycle
gene expression in HD astrocytes. (A-B) Cross sectional GSEA enrichment plots shows
significant depletion of E2F target gene expression in HD NPCs (A) and significant enrichment in
HD astrocytes (B) compared to WT cells. Black lines indicate E2F target gene positions in rank-
sorted expression data between HD and WT samples. Red dots indicate leading edge genes. g-
values are FDR corrected p-values with alpha=0.02, or the equivalent. (C-D) RNA-seq expression
data for E2F1 (C) and E2F7 (D) showing differential expression corresponding with motif
accessibility. Average FPKM for each sample was plotted (**p < 0.001, differential expression
analysis). (E) Heatmap depicting nearest differential ATAC-seq peaks to E2F target genes that are
DE in at least one stage of astrocyte differentiation. Both proximal and distal peaks are included.
Nearest differential ATAC-seq peaks are arranged according to hierarchical clustering, and
correspond to the gene order in panel F. The E2F1 motif is shown below the heatmap. (F) Heatmap
depicting differential expression of E2F target genes across differentiation. Each row corresponds
to the same gene and gene names are displayed to the right of the plot. For both heat maps, red
represents HD enrichment and blue indicates HD depletion. (G) Track view of RNA-seq and
ATAC-seq data, as well as motifs present in differential peaks, at MCM3, an example E2F target
gene. HD signal is shown in red and WT in blue. Significant differential peaks are indicated in the
tracks below ATAC-seq tracks at each stage. TF motifs enriched in differential peaks are displayed

at the bottom.
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Figure 2-7. Schematic model showing cell cycle, pS3 signaling, and E2F target gene
regulation across HD astrocyte differentiation. (A) HD NPCs show increased expression of p53
signaling genes, decreased expression of cell cycle and E2F target genes, which coincides with
depleted promoter-proximal and distal accessibility of the E2F TF motif, while WT NPCs (B)
show normal cell cycle progression and accessible E2F TF motifs genome-wide. (C) HD astrocytes
show upregulation of p53 signaling, apoptosis, cell cycle and E2F target gene expression, along
with increased E2F TF motif accessibility, suggesting cell cycle reentry leading to apoptosis. (D)
In comparison, WT astrocytes show depleted accessibility of E2F TF motifs, and have low

expression of p53 signaling, E2F target and cell cycle genes, indicating they are quiescent.



Table 2-1. Number of DE genes at each stage of astrocyte differentiation

Total DE Up in HD Down in HD
psc| 2218 (33?}{%) (616?;))
NPc| 1344 (261;)) (574%;))
Day 3 3,118 (415’4.110 OSA)) (5121.791%)
Astrocyte 1,316 5 ;249%) (4451 8 67%)

Table 2-2. Number of differential ATAC-seq peaks at each stage of differentiation

Total HD Enriched HD Depleted
PSC| 2,676 (71 1’_992;,) (2;5 13%)
wee [ ieaor o S @2
Day 3| 20,883 (162)’.22&1,) (376,-688‘2)
Astrocyte 7,060 (86 9’3;;)) (lg .IZ%A))
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Figure s2-1. Model Validation. (A) Model of study design. Pluripotent stem cells (PSCs) were
derived from HD and WT nonhuman primates (NHPs). Neural progenitor cells (NPCs) were
further differentiated in vitro into astrocytes using a 30-day differentiation protocol. Time points
for samples used in this study are indicated by red arrows. (B) qRT-PCR analysis of HTT exon 1
expression relative to HTT exon 26 expression during in vitro astrocyte differentiation of WT and
HD NHP cell lines. Expression of both exons is normalized to GAPDH expression. (C-H) qRT-
PCR analysis demonstrates differentiation efficiency. HD (C, E, G) and WT (D, F, H) NHP cells
show appropriate expression of lineage specific markers, with decreases in PSC/NPC markers (C-
D), increases in astrocyte markers (E-F), and repression of markers for other neural lineages (G-
H) during astrocyte differentiation. All qRT-PCR experiments were performed in triplicate, using
three biological replicates. Data and error bars are represented as mean = SEM (**p <0.01 and *p

<0.05, ANOVA).
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Figure s2-2. Model Validation. (A-F) Bar graphs of RNA-seq signal of cell-type markers during
in vitro astrocyte differentiation in HD (A, C, E) and WT (B, D, F) cells. (A-B) PSC and NPC
markers are downregulated during differentiation. (C-D) Several astrocyte markers become
induced during astrocyte differentiation. (E-F) Markers for neuronal and glial cell types are largely
repressed over the course of astrocyte differentiation. All RNA-seq experiments were performed
in three biological replicates and average FPKM for each sample was plotted (**p <0.001 and *p

< 0.01, differential expression analysis).
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Figure s2-3. Related to Figure 2-1. (A) Principal component analysis (PCA) of log2 transformed
normalized read counts (variance stabilizing transformation, DESeq2) from RNA-seq experiments
in HD (outline) and WT (solid) cell lines for all 4 time points, PSC (black), NPC (red), Day 3
(green), and astrocyte (blue). PC1 and PC2 capture 51% and 13% of the data variance respectively.
(B) Heatmap of log, transformed normalized read counts (variance stabilizing transformation,
DESeq2) of transcripts differentially expressed (FDR adjusted, alpha=0.02, n=5,062) between
different differentiation stages and between WT and transgenic samples. Expression values of each
transcript (rows) are scaled to unit variance across samples (columns) to normalize expression
between transcripts. Transcripts are organized by unsupervised hierarchical clustering (euclidean
distance, complete linkage) and samples are organized by differentiation stage and genotype (WT
or HD). (C) Venn diagram showing overlap of differentially expressed (DE) genes identified at
any stage of HD astrocyte differentiation and DE genes identified by the HD iPSC Consortium
(2017). DE genes from the iPSC consortium study not annotated in MacaM were not counted. (D)
Venn diagram of overlapping DE genes across HD differentiation and DE genes identified in post-
mortem HD brain tissues by Labadorf et al. (2015). DE genes from the Labadorf et al. (2015) not
annotated in MacaM were not counted. (E-F) Scatterplots between two ATAC-seq replicates for
HD (E) and WT (F) cells at each stage of differentiation. (G-H) Scatterplots of RNA-seq gene
FPKM values vs. ATAC-seq FPKM values at the promoters (TSS +/- 500bp) of the corresponding
genes for HD (G) and WT (H) cells at each stage of differentiation. r = Pearson’s correlation

coefficient.
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Figure s2-4. Related to Figure 2-3. (A-B) Bar graphs generated from RNA-seq data depicting
differential expression of RFX4 (A) and RFX5 (B) occurs in at least one stage of in vitro astrocyte
differentiation. RNA-seq experiments were performed in three biological replicates and average
FPKM for each sample was plotted. (C) Heatmap depicting normalized differential ATAC-seq
signal in HD and WT cells at macaque brain enhancers overlapping a differential THSS that
contains the KLF5 motif (N=70). The red color represents HD-enrichment and the blue color
indicates WT-enrichment. (D) KLF5 motif found at enhancers that overlap a differential THSS.
(E) Bar graph generated from RNA-seq data of KLF5 expression across in vitro astrocyte
differentiation. RNA-seq experiments were performed in three biological replicates and average

FPKM for each sample was plotted. **p < 0.001, differential expression analysis.
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Figure s2-5. Related to Figure 2-4. (A) GO analyses of DE genes at the NPC, day 3 and astrocyte
stages. Pathways are ranked by -loglO (g-value), determined by the Benjamini-Hochberg
procedure. All pathways shown satisfy q < 0.05. Line graphs show the ratio of DE genes in each
KEGG pathway. (B) Heatmap depicting DE genes in the KEGG Huntington pathway (N=74) at
each stage. PSCs show a different pattern of dysregulation compared to the other stages of HD
astrocyte differentiation. The red color represents genes that are upregulated in HD and the blue
color represents genes that are downregulated in HD. Each row corresponds to the same gene. (C-
F) GO analysis of the closest gene to each differential THSS. (C), NPC (D), day 3 (E) and astrocyte
(F) stages, with KEGG pathways using GO analysis. The top 10 significant pathways are ranked
by -log10 (g-value), determined by Benjamini-Hochberg procedures; all pathways shown satisfy

q<0.05.
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Figure s2-6. Related to Figure 2-5. (A) Venn diagram showing overlap of DE genes at any stage
with the KEGG p53 signaling pathway gene set. (B-F) Bar graphs of RNA-seq data for example
DE genes in the p53 pathway. All RNA-seq experiments were performed in three biological
replicates and average FPKM for each sample was plotted (**p < 0.001, differential expression
analysis). (G-J) GSEA enrichment plots. Cross sectional GSEA displays no significant enrichment
of p53 signaling (G) or apoptosis (H) gene expression in HD NPCs. (I-J) Longitudinal GSEA of
DE genes reveals significant enrichment of apoptosis pathway genes in HD astrocytes compared
to HD NPCs (1), but not in WT cell lines (J). Red dots indicate leading edge genes. g-values are

FDR corrected p-values with alpha=0.02, or the equivalent.
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Figure s2-7. Related to Figure 2-5. (A-D) Cross sectional GSEA revealed an inverse enrichment
of cell cycle pathways during HD astrocyte differentiation. (A-B) GSEA of DE genes revealed
depleted expression of G2/M checkpoint genes in HD NPCs (A) and enriched expression in HD
astrocytes (B). (C-D) Genes involved in sister chromatid segregation are also inversely enriched
in our DE gene set, with depletion in HD NPCs (C) and enrichment in HD astrocytes (D) compared
to WT cells. Black lines indicate the position of pathway genes in rank-sorted expression data from
HD and WT samples. Red dots indicate leading edge genes. g-values are FDR corrected p-values
with alpha=0.02, or the equivalent. (E) Venn diagram showing overlap of DE genes at any stage
with the KEGG cell cycle pathway gene set. All KEGG cell cycle pathway genes are counted,
even those not annotated in MacaM. (F-H) Example cell cycle genes showing differential
expression via RNA-seq. All RNA-seq experiments were performed in three biological replicates

and average FPKM for each sample was plotted (**p < 0.001, differential expression analysis).
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Figure s2-8. Related to Figure 2-6. (A-B) Longitudinal GSEA revealed enrichment of E2F target
genes in WT (B) but not HD (A) astrocytes. Black lines indicate the position of pathway genes in
rank-sorted expression data from HD and WT samples. Red dots indicate leading edge genes. -
values are FDR corrected p-values with alpha=0.02, or the equivalent. (C-H) Bar graphs generated
from RNA-seq data depicting differential expression of E2F family members, E2F2 (C), E2F3
(D), E2F4 (E), E2F5 (F), E2F6 (G), E2F8 (H). RNA-seq experiments were performed in three
biological replicates and average FPKM for each sample was plotted (**p < 0.001 and *p < 0.01,

differential expression analysis).
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Figure s2-9. Related to Figure 2-6. (A) Heatmap depicting differential ATAC-seq signal at DE
E2F target gene promoters shows depleted accessibility in HD NPCs and at day 3, while HD and
WT astrocytes display similar E2F target promoter accessibility. Promoter-proximal ATAC-seq
peaks are arranged according to the order of the genes in panel B. The E2F1 motif is shown below
the heatmap. (B) Heatmap of differential E2F target gene expression at each stage of
differentiation. The same heatmap is shown in Figure 6 but is included here for comparison with
panel A. Gene names are displayed to the right of the plot. For both heat maps, red represents HD
enrichment and blue indicates HD depletion. (C) Boxplot of the distribution of distances from each
DE E2F gene promoter to the nearest differential THSS at each stage across astrocyte
differentiation. (D-I) RNA-seq data for all six MCM proteins regulated by E2F TFs; MCM3 (D),
MCM?2 (E), MCM4 (F), MCM5 (G), MCM6 (H), MCM?7 (1), all of which showed DE in at least
one stage of differentiation. (J-M) Inverse DE profiles for several epigenetic regulators that are
E2F target genes; EZH2 (J), DNMTI (K), UHRF1 (L) and HMGN3 (M). RNA-seq experiments
were performed in three biological replicates and average FPKM for each sample was plotted (**p

<0.001 and *p < 0.01, differential expression analysis).



Table s2-1. qRT-PCR primers

Gene Symbol SYBR Forward Primer SYBR Reverse Primer
HTT Exon 1| GCGACCCTGGAAAAGCTGAT CTGCTGCTGCTGGAAGGACT
HTT Exon 26| ACCCTGCTCTCGTCAGCTTGG AGCAAGTTTCCGGCCAAAAT
S0Xx2| CACAGCGCCCGCATGTACAA AGTTCGCTGTCCTGCCCTCA
MSI1| CACAGCCCAAGATGGTGACT TCCACCTTCCCAAACTGCTC
NES| TGGCAAGAGGCCGGTACA CCGTATTTGTCCTTCACCTTC
GFAP| CCAGCTCGCGGTTCTCATAC CTCATGGACTTTCAGGGCGT
GLTI| ATGCACGACAGTCACCTCAG AGGATGACACCAAACACCGT
GRM1| CTCGGGCATGCATTGTGAAA GCGTTCTTGTTAGCAGTCCC
APOE| GGGTCGCTTTTGGGATTACC CTCATCCATCAGCGTCGTCA
LCN2| AGGGAATGCAGTTGGCAGAA GGAGGTCACGTTGTAGCTCT
MAP2| ATCTTTCTCCTCTGGCTTCCG GGTGTGGTGGCTGGAAGGTA
TUBB3| GCCAAGTTCTGGGAAGTCAT GGCACGTACTTGTGAGAGGA
TH| GAACTTCTGGGGTCGCTCC ACCTCAAGACTTACCGGCTT
GAD CCACGTTTTTGGCGAACG CAGTGTCGCTTTTTCGGTGT
CX3CRI1| AAAACGAATGCCTTGGTGAC AGGAAAAACACGACGACCAC
FOX04| ACCATGGATGTGTTAGGGGC CCCTGTGTGTAAATGGGGGA
UBC| CCACTCTGCACTTGGTCCTG |CCAGTTGGGAATGCAACAACTTTA
TaqMan® Primer Context Sequence
OCT4 CCCTGGGGGTTCTATTTGGGAAGGT
UBC TCCTTTCAATAAAGTTGTTGCATTC
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Table s2-3. 63 genes differentially expressed at every stage of HD astrocyte differentiation

Ensembl ID Gene Symbol
ENSG00000161533 ACOXI
ENSG00000106992 AK1
ENSG00000145246 ATP10D
ENSG00000119280| Clorfi198
ENSGO00000151465 CDC123
ENSG00000179604| CDC42EP4
ENSG00000117724 CENPF
ENSG00000205423| CNEPIRI
ENSG00000106714] CNTNAP3
ENSG00000060718] COLI1A1
ENSG00000084636| COLI16A1
ENSG00000164692 COLIA2
ENSG00000139219 COL2A41
ENSG00000204262 COL5A2
ENSG00000057019| DCBLD2
ENSG00000065357 DGKA
ENSG00000069345 DNAJA2
ENSG00000143476 DTL
ENSG00000089248 ERP29
ENSG00000121769 FABP3
ENSG00000164687 FABPS
ENSG00000066468 FGFR?2
ENSG00000140718 FTO
ENSG00000100626] GALNTLI
ENSG00000198814 GK
ENSG00000167699 GLOD4
ENSG00000233276 GPX1
ENSG00000089472 HEPH
ENSG00000095066 HOOK?2
ENSG00000204389] HSPAIA
ENSGO00000110906y KCTDI10
ENSG00000109790 KLHLS5
ENSG00000184445 KNTCI
ENSG00000113083 LOX
ENSG00000011009 LYPLA2

Ensembl ID Gene Symbol
ENSG00000165943 MOAPI
ENSG00000130287 NCAN
ENSG00000064300 NGFR
ENSG00000116962 NIDI
ENSG00000146938 | NLGN4X
ENSG00000118257 NRP2
ENSG00000119630 PGF
ENSG00000174307 | PHLDA3
ENSG00000165443 | PHYHIPL
ENSG00000123560 PLPI
ENSG00000177084 POLE
ENSG00000100033 PRODH
ENSG00000107317 PTGDS
ENSG00000173482 PTPRM
ENSG00000115963 RND3
ENSGO00000137393 | RNF144B
ENSG00000048392 RRM2B
ENSG00000133318 RTN3

ENSG0000013346 SLC2A411
ENSGO00000133195 | SLC39411
ENSG00000196517 SLC6A49
ENSG00000187122 SLIT1
ENSG00000172164 SNTBI
ENSGO00000125355 | TMEM2554
ENSG00000106537 | TSPANI3
ENSG00000175063 UBE2C
ENSG00000158773 USF1
ENSG00000156925 ZIC3
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% Total TF
Uniquely Duplicate || Total unique Reads
Total Reads || Mapped Reads Reads reads (50-115 bp)
I‘?;T })SC 241,018,632 14(%11 ggg/“)” 21.25%
P == 137,920,614 || 41,783,968
L 120,805,711 f| 71,486,579 22.48%
Rep 2 S (59.17%) :
WITNPC 66,302,541 51,881,442 14.64%
Rep 1 (78.25%)
86.184.309 || 33,862,889
WT NPC 66.010.778 49,064,142 14.6% e
Rep 2 T (74.33%) )
WT Day 3 92,043,238 | 62256890 23.71%
Rep 1 (67.64%)
77.978.180 || 28,776,687
WT Day 3 T 43,421,114 20.8% S
Rep 2 S5 (59.9%) :
WT Astrocyte 61,787.804 35,798,982 56.5%
Rep 1 (57.94%)
52.276.328 1 19,968,105
WT Astrocyte 209.610.003 129,726,447 78.01%
Rep 2 e (61.89%) )
LD LRIC 47,048,650 || 3337L731 11.54%
Rep 1 (70.93%)
83.017.985 |l 34,104,663
HD PSC G 62,762,506 14.76% SSaste
Rep 2 T (71.35%) ’
g:) TPC 69,581,921 5?7%4271;%7 15.1%
P LR 82.993.975 [ 29,456,864
HD NPC 1,810,845 49,249,549 18.11% B
Rep 2 O (68.58%) :
112,) ll)ay > 83,955,653 6?7’47‘8799’%4 10.30%
P Lkl 95,398,477 || 34,964,708
HD Day 3 . 49,834,029 12.16% S
Rep 2 T (70.63%) )
HD Astrocyte 115,179,171 85,510,489 53.48%
Rep 1 (74.24%)
88.746.911 32,141,037
HD Astrocyte 115.147.594 72,575,752 38.5%
Rep 2 T (63.03%) =70
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Table s2-7. Motifs enriched in nearest differential peaks associated with E2F target genes

4 1 1
4 1
3 1 1
3 1
3 1 1
2 1 1
2 1
2 1
2 1 1 1
2 1
2 1
2 1
2 1
2 1
2 1
2 1
2 1 1
2 1
1 1
1 1 1
1 1
1 1
1 1 1
1 1
1 1
1 1 2
1 1
1 1 1
1 2 1




107




108

Chapter 3: General Discussion and Future Directions
3.1 Summary

Characterizing the aberrant transcriptome and epigenome of non-neural cell types, such as
astrocytes, in Huntington’s disease (HD) is of great importance to understanding the intercellular
mechanisms of the disease, and for identifying effective therapeutic strategies to delay or prevent
disease progression. Not only has it been well established that HD cells exhibit widespread
transcriptional and epigenetic dysregulation, but also recent evidence suggest astrocyte
dysfunction contributes to HD pathogenesis (Arregui et al., 2011; Biagioli et al., 2015; Bradford
et al., 2009; Giralt et al., 2012; HD iPSC Consortium, 2012; Jia et al., 2012; Labadorf et al., 2015;
Lee et al., 2013a; Lopes et al., 2016; Seredenina et al., 2012; Shin et al., 2005; Tong et al., 2014).
However, the genomic impact of mHTT expression on astrocytes remains to be investigated. Here,
we differentiated pluripotent stem cells (PSCs) from HD non-human primates (NHP) into
astrocytes and used a multi -omics approach to characterize chromatin accessibility and
transcription across astrocyte differentiation in HD. Our in vitro NHP model of astrocyte
differentiation provides a unique opportunity to study HD pathogenesis and evaluate potential
therapies in an animal model that more closely resembles the neuroanatomy and neurophysiology
of humans compared to rodent models of HD.

We demonstrate that HD NHP cells exhibit altered transcription profiles at every stage of
astrocyte differentiation, although PSCs showed the most distinct transcriptome of the 4 stages
examined. ATAC-seq studies also revealed genome-wide changes in chromatin accessibility
across differentiation, with most changes occurring distal to promoters. Promoter-proximal
accessibility was overall depleted in HD cells and distal differences in ATAC-seq peaks showed

both HD enrichment and depletion. However, PSCs again showed the most unique chromatin
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signatures compared to the other stages (neural progenitor cells (NPCs), day 3, and astrocytes).
Difference in proximal accessibility did not strongly correlate with gene expression. Differential
distal ATAC-seq enrichment displayed progressive trends across the NPC, day 3 and astrocyte
samples. When compared to previously defined macaque putative active brain enhancers, distal
THSSs overlapped with over 5,000 enhancers (Vermut et al., 2016). Within this subset of
enhancers showing differential accessibility, the strong trends from NPC to astrocytes were
maintained, suggesting that alerted accessibility signatures begin in NPCs, once cells have
committed to a neural lineage.

Differential gene expression determined by RNA-seq experiments identified several
pathways previously reported to be dysregulated in HD, including, p53 signaling, apoptosis and
cell cycle. As none of these are documented in HD astrocytes specifically, we further examined
this dysregulation. We found that over half the genes in the p53 signaling pathway were
differentially expressed (DE) in HD cells. Moreover, HD astrocytes showed upregulation of p53
genes compared to WT astrocytes. Gene set enrichment analysis (GSEA) of our differentially
expressed genes revealed both apoptosis and cell cycle genes are impacted in HD cells. Since both
of these pathways are downstream of p53 signaling, we took a closer look at these pathways.
Although the apoptosis pathway demonstrated significant enrichment in HD astrocytes, several
cell cycle pathways demonstrated a more significant, inverse enrichment between both NPCs and
astrocytes. The genes in these cell cycle related pathways showed decreased expression in HD
NPCs and increased expression in HD astrocytes compared to WT cells.

E2F target genes were the most significantly enriched gene set at both the NPC and
astrocyte stage, demonstrating the inverse correlation observed for all cell cycle pathways.

Interestingly, motifs for several E2F family members showed enrichment in differential promoter-
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proximal and distal THSSs across astrocyte differentiation, which corresponded with DE profiles
for E2F target genes. Additionally, E2F transcription factors (TFs) themselves were DE in at least
one stage of HD differentiation. Although accessibility at E2F target gene promoters was not
correlated with expression of these genes, the nearest differential THSS was strongly associated
with target gene expression profiles at the NPC, day 3, and astrocyte stages. Changes in E2F target
gene expression were observed prior to changes in accessibility in HD cells. Lastly, E2F TFs
regulate several epigenetic factors that were found to be DE during astrocyte differentiation,

including EZH2, DNMT1, HMGN3, and UHRFL.

3.2 Discussion and Future Directions

Results from this study provide evidence that HD astrocytes demonstrate global
dysregulation that begins early in development and may be driven by different mechanisms than
in neuron populations. Global chromatin accessibility was highly differential across astrocyte
differentiation. Regions of differential accessibility distal to promoters, including at a set of
enhancers, showed strong trends in NPCs, day 3 samples and astrocytes, once cells have committed
to a neural lineage. While our findings suggest that altered accessibility at distal, regulatory
elements occurs across HD astrocyte differentiation, our analysis was limited by the lack of
available annotations for astrocyte-specific enhancers in the macaque genome. Widespread
alterations in epigenetic modifications have been documented in HD, but evidence for their
association with transcription is conflicted (Biagioli et al., 2015; Giralt et al., 2012; Jiang et al.,
2006; Labadorf et al., 2015; Nucifora et al., 2001; Steffan et al., 2000; Thomas et al., 2008; Valor
et al., 2013). While some of this may be due to different models and cell populations, it is well
established that regulatory elements, such as enhancers, are bound by TFs and regulate gene

transcription in a highly context-specific manner (Shlyueva et al., 2014; Vermut et al., 2016).
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Epigenomic studies aimed to classify differential accessibility and TF binding at enhancers across
neurodevelopment and in different neural cell types may help elucidate the complex interplay of
epigenomic and transcriptome dysregulation in HD.

We also report that HD NHP cells show altered transcription at every stage of astrocyte
differentiation. It is interesting to note that PSCs showed the most distinct gene expression and
chromatin accessibility profiles of the 4 stages, again highlighting that although dysregulation
occurs during pluripotency, aberrancies observed in terminally differentiated neural cells are
established in the NPC stage, after committing to a neural lineage. While several previously
reported pathways were identified to be dysregulated in our NHP model of in vitro HD astrocyte
differentiation, multiple cell cycle related pathways showed consistent enrichment in our DE genes
including p53 signaling, E2F target genes, cell cycle pathway and apoptosis. There is some
evidence for alterations in the cell cycle in mouse and human models of HD (Basu et al., 2013;
Boudreau et al., 2009; Labadorf et al., 2015; Lopes et al., 2016; Lu et al., 2015; Molero et al.,
20009; Pelegri et al., 2008; Reynolds et al., 2018). For example, 293 cells expressing mHTT showed
cell cycle arrest, mitotic defects, and increased p53 expression (Lu et al., 2015). However, E2F
dysregulation and its effect on p53 signaling and the cell cycle during HD pathogenesis has not
been examined.

The E2F TFs are master regulators of cell cycle progression and are also reported to
regulate apoptosis through activation of the p53 signaling pathway (laquinta et al., 2007; Johnson
etal., 2006; Ting et al., 2014). Each E2F TFs regulates a specific set of genes in a context-depended
manner across neurodevelopment (Dirks et al., 1998; Swiss et al., 2010; Wu et al., 2015). In fact,
E2F1 downregulation occurs during neural differentiation of NPCs (Magri et al., 2014; Nygard et

al., 2003), and E2F4 and E2F5 coordinate differentiation into specific neural lineages (Swiss et
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al., 2010). Furthermore, upregulation of E2F/ in terminally differentiated cells leads to aberrant
cell cycle re-entry and apoptosis (Dirks et al., 1998; Wu et al., 2015). Interestingly, we observed
upregulation of the E2F target gene CDKN2A, which is an upstream activator of p53 signaling,
and increased p53 signaling, cell cycle, and apoptosis gene expression in our HD astrocytes. Our
results suggest that aberrant E2F regulation may activate cell-cycle re-entry and p53-mediated
apoptosis in HD astrocytes. Future studies should aim to better characterize the downstream
consequences of E2F dysregulation in HD astrocytes.

For example, to investigate cell cycle progression in our NHP model of HD astrogenesis,
flow cytometry with propidium iodide (PI) could be employed to measure DNA content in samples
at each stage of astrocyte differentiation, but NPCs and astrocytes specifically, to determine the
distribution of cells in different phases of the cell cycle. These studies should be performed in
parallel with an apoptosis assay, such as flow cytometry with Annexin V or TUNEL, which detects
apoptotic DNA fragmentation, to provide insight into any consequences in cell cycle aberrancies.
It is worth noting that Caspase 3 was observed to be DE in the later stages of astrocyte
differentiation, and given its central role in apoptosis, western blotting for cleaved Caspase 3
should also be performed along with TUNEL or other apoptosis assays.

We also observed global enrichment of E2F TF motifs that corresponded with E2F target
gene expression trends across differentiation. However, while promoter accessibility at E2F target
genes did not correspond with gene expression, the nearest differential THSS to E2F target gene
promoters associated with the expression of the target gene, especially in the astrocyte stage. This
finding highlights the idea that these regions of differential distal accessibility may be the site of
past or future interactions with E2F promoters during astrocyte differentiation. Further

investigations using examining E2F TF binding using ChIP-seq and Hi-C techniques are necessary
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to confirm this and elucidate the extent to which aberrant promoter-enhancers interactions
contribute to the HD transcriptome and pathogenesis. Furthermore, to better elucidate the role of
E2F TFs in HD, knock-down and over expression experiments, starting with E2F1 and E2F7, in
parallel with RNA-seq should be performed in our in vitro model of astrocyte differentiation. Not
only would these experiments complement E2F TF ChIP-seq analyses but would also provide
insight into the direct downstream transcriptional consequences of E2F TF dysregulation across
HD astrocyte differentiation. Results from studies such as these could be further validated in an in
vivo HD mouse model, with selective knock-down or over expression of E2F TFs in astrocytes
specifically.

Several epigenetic enzymes were among the E2F target genes reported to be DE during
HD astrocyte differentiation. For example, modulators of histone and DNA methylation, EZH?2,
DNMT1I, and UHRF'I, are dysregulated across differentiation. EZH2 is part of the PRC2 complex
and is responsible for trimethylation of H3K27, which is altered during neurodevelopment in HD
(Jepsen et al., 2007; Orlando, 2003; Seong et al., 2010; von Schimmelmann et al., 2016).
Additionally, DNMT1 methylates DNA in a cell-cycle dependent manner, and UHRF1 binds this
methylation along with trimethylation of H3K9 to coordinate and integrate multiple layers of
epigenetic information and maintain appropriate transcriptional profiles (Avvakumov et al., 2008;
Bostick et al., 2007; Hashimoto et al., 2010; Liu et al., 2013; Zhang et al., 2011). Global alterations
in DNA methylation in HD have been reported and were interestingly found to be differential
across brain regions (Horvath et al., 2016; Ng et al., 2013), highlighting the need for extensive
characterization of HD epigenome and transcriptional dysregulation both in different neural cell
types, such as astrocytes, and throughout neurodevelopment. Additionally, H3K9me3 has been

reported to be enriched in HD human and mice brains (Lee et al., 2013b; Ryu et al., 2006). Given
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their association with less accessible chromatin and our findings that HD promoters showed
depleted accessibility, while distal accessibility was largely HD enriched across astrocyte
differentiation, it would be interesting to more closely examine the consequences of increased
DNMTI and UHRF'I expression on DNA methylation and H3K9me3 dynamics during astrocyte
differentiation using bisulfite sequencing and ChlP-seq. Further, it has been demonstrated that
inhibiting DNMTs provides a neuroprotective effect in HD mice (Pan et al., 2016). Future studies
using DNMT inhibitors in our in vitro model of HD astrogenesis would help uncover astrocyte-
specific dysregulation of DNA methylation and when paired with bisulfite sequencing and RNA-
seq experiments, could identify potential downstream transcriptional consequences of E2F
dysregulation of DNMTI. In order to fully understand the aberrant interplay between epigenetics
and transcription during HD pathogenesis, the integration of multiple layers of epigenetic
information needs to be examined and considered. To that end, ChIP-seq experiments investigating
H3K9me3 enrichment and UHRF1 binding, both with and without DNMT inhibitor treatment in
HD cells would reveal insights into the interplay of multiple epigenetic modifications leading to
dysregulation in HD.

Additionally, several DE E2F target genes were chromatin remodelers; most notably,
HMGN3, which has been shown to be important to astrocyte differentiation and function (Ito et
al., 2002; Nagao et al., 2014; West et al., 2004). In contrast with most other E2F target genes,
HMGN3 was upregulated in HD NPCs and downregulated in HD astrocytes. Evidence from
heterogeneous in vitro and in vivo neural populations has suggested that HD cells upregulate
neuronal differentiation genes prematurely and show failure to successfully differentiate into
mature neurons (HD iPSC Consortium, 2017; Labadorf et al., 2015). In addition to HMGN3, we

found several other astrocyte genes (GFAP, APOE, and LCN2) to be significantly overexpressed
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early in astrocyte differentiation but become downregulated in HD astrocytes compared to WT
cells, providing evidence that this phenomenon is not unique to neuron populations and also occurs
during astrogenesis. As neuronal function and survival relies on astrocyte function and WT
astrocytes provide neuroprotection that leads to an improved phenotype in HD neurons, targeting
of early astrocyte dysfunction may serve as a potential effective therapeutic strategy for HD that
warrants further investigation (Allen et al., 2009; Belanger et al., 2011; Bradford et al., 2009;

Clarke et al., 2013; Shin et al., 2005).

3.3 Conclusion

In this study, we characterized chromatin accessibility and transcription during in vitro
astrocyte differentiation using HD NHP cells. Widespread differences in chromatin accessibility
suggest aberrant astrogenic signatures are established in the progenitor stage, after committing to
aneural lineage. Distal accessibility at regulatory elements such as enhancers showed the strongest
trends and warrant further in-depth characterization. Global changes in transcription also occurred
across astrocyte differentiation, with multiple cell cycle related pathways impacted. E2F target
genes showed significant dysregulation, specifically in HD NPCs through astrocytes, and were
upstream of other altered cell cycle pathways, including p53 signaling. We also provide evidence
that E2F dysregulation not only affected cell cycle progression, potentially leading to aberrant cell
cycle re-entry and activation of the apoptosis pathway, but also impacted the expression of several
epigenetic factors, potentially contributing to premature but incomplete astrocyte differentiation

in HD cells.
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