Elucidating the role of manganese-induced IGF signaling and autophagy in Huntington’s disease
By

Miles R. Bryan llI

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfilment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

In

Neuroscience
December 14, 2019

Nashville, Tennessee

Approved:
Danny Winder, Ph.D.
Kevin Ess, Ph.D.
Daniel Claassen, M.D.
David Cortez, Ph.D.

Aaron Bowman, Ph.D.



ABSTRACT

Manganese is an essential micronutrient, required for the activity of many enzymes. Our lab
has established that cellular and mouse models of Huntington’s Disease (HD) exhibit reduced striatal
Mn bioavailability. This deficiency manifests as defects in Mn-responsive arginase and ATM/p53
pathways. Here we posit that reduced Mn bioavailability may also incur defects in IGF signaling and
autophagy- Mn-responsive processes which are perturbed in HD and have been therapeutically
targeted in HD models. Utilizing STHdh, immortalized striatal neuroprogenitors and hiPSC-dervied
striatal-like neuroprogenitors, we found that Mn-induced IGF signaling (p-IGFR/IR, p-AKT) and
autophagy (LC3-Il, p62) are dampened in HD cell models- the former of which is remedied via co-
treatment with Mn and IGF. While previous studies have shown Mn can activate tyrosine kinases
activity of p-IGFR/IR in biochemical or non-living systems, we have found that biologically relevant
concentrations of Mn can increase p-IGFR/IR phosphorylation and maximal downstream
phosphorylation of AKT in cells (higher than saturating concentrations of IGF or Mg alone). | have
shown previously that the majority of Mn-induced AKT is dependent on PI3K, though it was still
unknown which kinase upstream of PI3K was the initial site-of-action of Mn. Utilizing a panel of small
molecules inhibitors, we determined that >80% of Mn-induced p-AKT is dependent on direct
interactions with the IGFR/IR receptors as opposed to other, upstream activators. While glucose
uptake, a downstream process mediated by AKT and perturbed in early HD pathology, is greatly
reduced in HD STHdh cells, Mn treatment incurred a significant increase in glucose uptake. Using
TEM, we found Mn treatment also ameliorated the previously reported autophagy-dependent cargo
recognition failure in HD cells, reducing the number of empty autophagosomes to WT levels. Lastly,
in HEK293 cells expressing 72Q-HTT-GFP, Mn treatment alone did not affect the number of mutant
HTT aggregates. However, co-treatment with chloroquine, an autophagy inhibitor, and Mn increased
the number of mutant HTT aggregates suggesting Mn may increase aggregate-autophagosome
association. Together, these data suggest that striatal Mn-deficiency may contribute to defective IGF
signaling and autophagy in HD. Additionally, these studies provide proof-of-principle support for

increasing bioavailable Mn to restore HD phenotypes and pathology.
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PREFACE

In Chapter 1 titled “Introduction,” | will introduce manganese homeostasis and its potential
connections to insulin/IGF signaling. Basic Huntington’s disease (HD) pathobiology will also be
introduced with an emphasis on how the pathology of this disease is modified separately by Mn or
insulin/IGF. Additionally, I will explore yet-to-be substantiated hypotheses linking HD pathobiology to
perturbations in manganese-insulin/IGF signaling with a specific focus on autophagy and
mitochondrial health. Lastly, | will briefly present previously reported data and hypotheses which may
link Mn-insulin/IGF to Mn toxicity, other neurodegenerative diseases aside from HD, and cancer.

In Chapter 2 titled “Phosphatidylinositol 3 kinase (PI3K) modulates manganese homeostasis
and manganese-induced cell signaling in a murine striatal cell line,” | describe a limited small
molecule screen of pharmacological inhibitors to discover a novel role for PI3K in Mn transport in the
STHdh, mouse neuroprogenitor cell lines. | will also explore how these small molecules can modulate
Mn-induced signaling (p-p53, p-AKT) by directly impinging on net Mn uptake. Additionally, these
studies reveal that PI3K is necessary for Mn-induced p-AKT. Interestingly, AKT has been long-known
as a Mn-responsive kinase, though the upstream mediators of this response were unknown. These
results directly lead to the investigations in Chapter 3, looking upstream of PI3K for the initial site-of-

action of Mn on insulin/IGF signaling.

In Chapter 3 titled “Manganese directly activates IGFR/IR-dependent phosphorylation of AKT
and glucose uptake in Huntington’s Disease cells,” | present evidence supporting the hypothesis
that reduced Mn bioavailable in HD cell lines contributes to previously described defects in insulin/IGF
signaling. Furthermore, these studies elucidate that 1) sub-toxic Mn treatment directly activates the
insulin/IGF receptors, 2) Mn treatment increases maximal IGF-induced p-AKT, and 3) Mn-induced p-
AKT is almost entirely dependent on the insulin/IGF receptors. Additionally, Mn treatment can slightly
restore glucose uptake, a known HD phenotype. Given the large body of evidence supporting a
neuroprotective role of AKT in HD, this data warrants additional investigation into how Mn treatment
may enhance the efficacy of IGF-based therapeutics in HD.

In Chapter 4 titled “Acute manganese restoration promotes autophagic cargo loading in
Huntington’s Disease cell lines,” | examine the role of Mn homeostasis on autophagic function in
HD. A patrticular focus is describing whether Mn activates or inhibits autophagic processing in
neuroprogenitors. Following this, | explore how Mn-induced autophagy can then impinge on mutant
HTT aggregate formation and ameliorate previously reported defective autophagic cargo

sequestration in HD cells.
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In Chapter 5 titled “Future Directions and Global Discussion,” | will present unpublished data
which could provide the foundation for several future studies examining 1) loss of HTT function on
Mn-dependent phenotypes 2) the mechanism of KB-R7943, a Mn-increasing small molecule 3) using
patient lymphoblasts as an HD model 4) the effects of IGFR/IR inhibition on Mn neurotoxicity, 5) the
effects of Mn on lipophagy and 6) the effects of Mn on autophagy and IGF signaling in vivo. | will also
discuss global considerations and future directions to follow up the findings described in Chapter 2-4.
In particular, | will focus on 1) which experiments are necessary to establish biological validity of my in
vitro experiments, 2) what new resources/discoveries may allow future researchers to thoroughly
examine these questions more clearly, and 3) how these findings may impact the “big-picture” of Mn

homeostasis, insulin/IGF signaling, and autophagic function.
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CHAPTER 1
INTRODUCTION

Adapted from: Miles R. Bryan, Aaron B. Bowman. Manganese and the Insulin-IGF signaling network
in Huntington’s Disease and other neurodegenerative disorders. Book Chapter. Adv Neurobiol.
2017;18:113-142. doi: 10.1007/978-3-319-60189-2_6.

Introduction

Between 1-3 out of 100,000 individuals are diagnosed with Huntington’s disease (HD) in the
U.S. However, given the autosomal dominant etiology and near 100% penetrance of HD, generations
of families are devastated by this disease. HD is caused by an expanded tri-nucleotide CAG repeat in
the HTT gene. If these repeats surpass 35-40 repeats, there is a near 100% chance that the patient
will present with Huntington’s disease at some point in their lifetime (usually in middle-late adulthood).
While the HTT gene was discovered in 1993, there is still no cure for HD though several drugs have
been used to treat symptoms (i.e. tetrabenazine for chorea). Furthermore, researchers still do not fully
understand 1) the exact function(s) of wild-type HTT is in the human brain 2) how mutant HTT (HTT
>35 CAG repeats) causes neurotoxicity and HD. Two of the posited causes for HD are 1) mitochondrial
dysfunction 2) autophagic dysfunction and aggregate accumulation. Recently, a series of studies have
shown that insulin/insulin-like growth factor (IGF) treatment in HD models can ameliorate both of these

pathogenic mechanisms.

Manganese (Mn) has only been recently implicated in HD, and studies have suggested that a
Mn deficiency may underlie some of HD pathology. Interestingly, Mn can modulate insulin/IGF
homeostasis, shown to be essential for mitochondrial function, and able to stimulate neuroprotective
pathways associated with the activation of autophagy, namely insulin/IGF signaling (1I1S). This review
explores the functional intersection of these two modifiers of HD, (a) Mn biology and (b)
insulin/IGF signaling (11S)—both have been shown to regulate autophagy and mitochondrial
health/function. Here we will review a role for Mn and IGF joint dysregulation in HD pathology and
briefly explore some the implications of this co-regulation in the context of other neurodegenerative

diseases and conditions.

While Huntington’s disease will be discussed in detail, other neurodegenerative diseases
(NDDs) will also be referenced when studies provide mechanistic understanding of the roles of Mn and
IGF/insulin given the shared cellular pathologies between NDDs and HD (i.e. aggregate accumulation,
reactive oxygen species, mitochondrial dysfunction). It is plausible that the mechanisms of these NDD

pathologies might be quite similar to HD.



Insulin/IGF signaling and its role in the brain

Insulin and insulin growth factor (IGF) are homologous growth hormones that classically regulate
cellular metabolism. Their role in peripheral tissues has been well elucidated. However, only more
recently has their role in brain health and development been studied. In the brain, IIS is necessary for
synaptic maintenance and activity, neurogenesis, neurite outgrowth, neuronal survival, mitochondrial
function and maintenance as well as upper-level processes including memory and feeding behavior
and thus dysregulation in neurotrophic support has long been proposed as a mechanism of
neurodegenerative diseases'?®. Insulin and IGF are mainly produced in the pancreas and liver,
respectively, and transported to the brain from the periphery through the blood brain barrier.
Alternatively, IGF and insulin can enter the brain through CSF in the choroid plexus. IGF is also
produced locally in all brain regions. Upon binding with their respective ligands, IGF receptors (IGFR)
and insulin receptors (IR) undergo autophosphorylation at three tyrosine residues required for
activation. Subsequently, the IR kinase domain phosphorylates IR substrates (IRSs) which act as
secondary messengers, impinging upon a variety of cell signaling pathways including PI3K/AKT,
MmTOR, and MAPK/ERK to exert their biological effects (e.g. energy metabolism, cell stress
responses)?’. However, individual receptors can heterodimerize forming hybrid IGF/insulin receptors
which can bind either insulin or IGF and activate both the PI3BK/AKT and MAPK/ERK pathways S6, a
downstream target of mMTOR acts as negative feedback, phosphorylating and inactivating IRSs. Six IGF
binding proteins exist (IGFBPs) and act to regulate IGF-R binding and modulate signaling. IGFBPs
show a selective expression pattern, being in distinct portions of the brain where they presumably act
on specific 1IS signaling within anatomical subsets of neurons. These proteins have a higher affinity for
IGF than do IGF receptors, allowing tight control of IGF bioavailability. The regulation of IGFBPs is still
guite unknown but evidence suggests specific mechanisms for each protein including control by

epigenetic markers and neuronal activity of specific cell types?82°,

Most kinases in humans are either magnesium (Mg) or Mn dependent. Though most are Mg
dependent, several are preferentially activated by Mn including ATM and mTOR33%, While little
research has been done to explore the role of Mn as a signaling molecule its inherent role in kinase
activation suggest Mn is essential for cell signaling. Several other proteins are also activated by Mn
including Arg, MRE11, Mn-SOD, glutamine synthetase, pyruvate decarboxylase, protein phosphatase
1, and many integrin-related proteins3?-41, Interestingly Mn has been shown to activate several of the
same pathways as IGF/insulin including AKT, mTOR, and ERK/MAPK, and even the insulin/IGF

receptor itself— all of which have been found to be neuroprotective in HD#1-51,



Mn and insulin/IGF homeostasis

Mn toxicity has been linked to neuronal cell death and neurodegenerative conditions for several
decades— namely Parkinson’s disease (PD) and manganism. Though recent studies have yielded
greater understanding of toxic effect of Mn on neuronal function, very little is known about basic,
neuronal Mn homeostasis. While brain imaging studies have revealed where Mn accumulates within
the brain, there is disagreement on what sub-compartment(s) Mn primarily accumulates within a neural
cell. The field is in some contention as some studies suggest mitochondria while others suggest within
the nucleus®>®4, Surprisingly few studies have examined whether Mn primarily accumulates in neurons
vs glial cells. Lastly, there is poor understanding of how Mn is transported within a cell, primarily due to
the high promiscuity of Mn transporters for other metal ions32%°, Muddying this understanding, at
present there is only one transporter which seems specific for Mn, SCL30A10, an efflux transporter.
Interestingly, mutations in this transporter lead to Mn accumulation in vitro and in vivo and have been
linked to increased brain Mn and PD in patients®>%8, The answers to these basic questions could offer
invaluable understanding of Mn biology in the context of both diseased and healthy brains.

Evidence of a role for Mn-dependent regulation of IIS has been steadily amassing since the
1980’s. Baly and colleagues showed Mn-deficiency caused glucose intolerance and reduced insulin
production in rats, mimicking diabetic-like phenotypes. In addition, rats fed a Mn-deficient exhibited
reduced pancreatic insulin output following a glucose stimulus. Furthermore, they and others found Mn
to be an insulin-mimetic, promoting insulin excretion and activating insulin-related metabolic kinases®®-
64, Around this same time, another study showed that Mn-deficient rats exhibited decreased circulating
IGF-1 and insulin and increased IGFBP3—potentially suggesting Mn might regulate circulating IGF-1
levels via modulating IGFBP3 activity®®. Later, Lee and colleagues reported that Mn supplementation
could protect against diet-induced diabetes in mice via increased insulin excretion, amelioration of
glucose intolerance, and increased expression of Mn superoxide dismutase (MnSOD), a Mn-dependent
anti-oxidant enzyme in mitochondria®®. These results were consistent with reports that diabetic patients
were responsive to oral Mn treatment as well as reports of reduced blood Mn in diabetic patients®7-6°.
Concurrently, other groups established that Mn deficiency was associated with reductions of IGF1 in
serum and Mn supplementation could increase IGR-R and IGF1 expression in the hypothalamus of

rats48.49.51.6570-73 However, the mechanisms by which Mn increases IGF1 and insulin levels remain

unknown. Together, these findings suggest a functional link between Mn and the regulation of
IGF1/insulin levels in both peripheral tissues and brain. While such studies clearly link Mn to diabetes
and hypothalamic/pubertal development, the role of this potent regulatory mechanism has never been

studied in the context of a neuronal disease or manganese toxicity.
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HD pathobiology

HD is an autosomal dominant neurodegenerative disease which results in hyperkinetic
movements, behavioral changes in cognition and mood, and ultimately death. An expanded
trinucleotide (CAG) repeat in the Huntingtin gene (HTT) resulting in a mutant HTT protein (mHTT)
causes HD. Higher CAG repeats are correlated with increased disease severity and younger age of
onset though both are highly variable even between patients with similar repeat size. Usually, the
disease manifests in adulthood (though juvenile cases do occur), and gives rise to a combination of
motor, cognitive, and psychiatric symptoms which ultimately result in death. A hallmark symptom of HD
is chorea, uncontrolled hyperkinetic movements, which has been associated with mHTT-dependent
cell death within the striatum. Degeneration in other brain regions (cortex, hypothalamus) usual follows,
contributing to the variability in symptoms. As HTT is ubiquitously expressed, the basis for the selective
neurotoxicity of mHTT for striatal medium spiny neurons (MSNs) and a handful of other neuronal sub-

populations remains a mystery’+78,
Mn dysregulation in HD

Mn dysregulation has only recently been implicated in HD. In normal brains, Mn accumulation is
enriched in the basal ganglia—the part of the brain which most severely degenerates in HD—
suggesting Mn serves an important role in this brain region®*7289, Recently a set of studies revealed a
Mn transport deficit, indicative of a brain-specific Mn deficiency, in an HD immortalized striatal
neuroprogenitor cell line (STHdhQ111/Q111), in HD hiPSC-derived striatal NPCs cells, and also in the
striata of YAC128Q mouse model of HD®-82, The mechanism of this Mn-transport deficit has been
difficult to resolve as so little is known about Mn sub-cellular transport. Analysis of Mn homeostasis is
complicated by the high promiscuity of proposed Mn transporters for other essential metals32:5583.84,

However, Mn is known to activate several of the signaling pathways dysregulated in HD including
ATM/p53 and AKT/mTOR#*849.82.84-86  STHdh Q111/Q111 and hiPSC-derived striatal neuroprogenitor
HD cell models exhibit decreased net Mn uptake leading to diminished ATM activation, a Mn-responsive
kinase upstream of p53 and other cellular stress response proteins®. Similar to ATM/p53, Mn robustly
activates AKT and mTOR, both of which are neuroprotective in HD8-%4, AKT activation can increase
HTT-Ser421 phosphorylation, shown to facilitate axonal transport, restoring mitochondrial and
autophagic function in HD models8891-93.959 |n contrast, Guilarte and colleagues reported decreased
HTT-Ser421 phosphorylation by Mn in YAC128 mouse cortical and hippocampal primary cultures,

though striatal levels were not assessed?!-%9, Lastly, reinstatement of aberrant mTOR activity in HD



models restores autophagic function, enhances aggregate clearance, and increases MSN health,
though some reports have shown mTOR inhibition to be neuroprotective in HD87:100.101,

IIS dysregulation in HD

Recently, several groups observed impaired IS in HD. Paradoxically, reduced IGF1 expression
has been detected in patient caudate tissue and skin-fibroblasts as well as other non-human HD
models, while increased IGF1 has been found peripherally in HD and this has been correlated with
cognitive decline®2102 103 previous studies have shown mutant HTT disrupts intracellular transport and
secretion of insulin while others have shown Mn can act as a potent insulin-mimetic in vivo®4.
Additionally, several groups reported robust neuroprotective effects of IGF1 treatment in HD cell and
mouse models via increased 1) AKT/ERK signaling 2) IRS2/VPS34 signaling and 3) increased HTT
Ser421 phosphorylation. Upregulation of these pathways increased autophagic function, aggregate
clearance and ameliorated mitochondrial dysfunction?®2:93.96.97,.104-108 = Administration of IGF and insulin
can also rescue microtubule transport, amelioration of motor abnormalities, MSN health, and enhanced

survival in cell and rodent models. IGF1 is also neuroprotective in models of other NDDs10°-116,
Autophagy deficits in HD, potential links to Mn and IS

The inability to clear toxic mHTT aggregates may be a principle mechanism of HD-related cell
death though there is contention about which form(s) and fragment(s) are truly toxic and which are a
compensatory/protective reaction to cellular toxicity'*’-12°. Autophagy, a process by which cells degrade
complex organelles and proteins to base nutrients, is also the primary process in clearing mutHTT
aggregatestt®120-126 . HTT acts as a scaffold for autophagy and this activity is altered or impaired by
mutHTT, potentially exacerbating pathogenesis'?3127-130 |n HD, autophagic impairment causes failure
of cargo-recognition and lysosomal function resulting in the accumulation of cellular waste and protein
aggregates®!. This may trigger a feed-forward pathogenic loop with ever increasing mutHTT levels

further impairing clearance?.

IGF treatment incurs robust amelioration of autophagy defects in HD models. Rothman and
colleagues observed that IGF1 upregulates autophagy via an IRS2/VPS34-dependent mechanism in
HD cells, resulting in a marked increase in aggregate clearance. This is an AKT/mTOR-independent
process, though both AKT and mTOR are activated by IGF11%4. Additionally, other groups have shown
that upregulation of mMTOR in HD models increases autophagy and aggregate clearance, rescuing HD-
related phenotypes even though mTOR canonically acts as a negative regulator of autophagy by
inhibiting ULK187132_ Interestingly, published studies indicate Mn both increases and decreases
autophagy in neuronal systems in a biphasic, time-dependent manner®°133, Given this regulation of
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autophagy by Mn and Mn-responsive pathways, it seems plausible that correcting Mn homeostasis in
HD models may ameliorate aspects of autophagic dysfunction. To date however, there has been only
a handful of studies exploring the role of Mn in autophagy— and the majority have been done in the
context of Mn toxicity, instead of Mn essentiality®>134, Given clear ties of Mn biology to pathways
upstream of autophagy, future studies should interrogate the role of Mn in autophagy during normal
neuronal function, in addition to disease states. In particular, we need to establish whether Mn plays a

role in basal autophagy or only in the context of Mn toxicity.
Mitochondrial pathology in HD, possible links to Mn and IIS

Mitochondrial dysfunction is another mechanism by which mutHTT may cause selective
neurodegeneration in HD. Mitochondrial dysfunction may contribute to neurodegenerative diseases
(NDD) for several reasons; 1) High mitochondrial respiration is needed to accommodate high ATP
usage in neurons, 2) mitochondria, out of all organelles, produce the highest amount of intracellular
reactive oxygen species (ROS), 3) mitochondria are a critical regulator of cell death, a common feature
of most NDDs, 4) mitophagy (mitochondrial selective autophagy) is often defective in NDD, and 5)
perturbations in various metabolic processes, indicative of mitochondrial dysfunction, are often
associated with NDD*3%>137 In HD, specifically, overt metabolic effects such as rapid weight changes
and defects in glucose homeostasis have been observed in HD patients and models!3-148, Also, WT
HTT has been shown essential for mitochondrial health!4®. To this end, several basic studies and
clinical trials have investigated metabolic targets as potential therapeutics for HD including creatine and

Coenzyme Q10, but have found little success-1%6,

Several landmark studies demonstrate IGF1 restores mitochondrial health in HD models®396.97, Given
the 11S-mimetic effects of Mn, correcting Mn homeostasis may ameliorate some facets of mitochondrial
dysfunction in HD. This hypothesis is consistent with established roles for Mn in mitochondria: 1) Mn
accumulates in mitochondria more so than other organelles supporting a functional need in this
organelle; 2) Mn has anti-oxidant functions via the Mn-dependent, mitochondrial enzyme, MnSOD; and
3) Mn is essential for the function at least two gluconeogenesis enyzmes3252535584 Rego and
colleagues have reported a series of studies providing a mechanistic understanding of how IGF is
capable of such robust amelioration of HD symptoms96:97.136.150,157-166  They found HD models exhibit
reduced ATP/ADP ratio, decreased oxygen consumption, increased mitochondrial ROS and

fragmentation, aberrant lactate/pyruvate levels and decreased mitochondrial membrane potential— all

of which indicates mitochondrial dysfunction. Each of these was shown to be ameliorated by IGF

treatment via upregulation of PI3K/AKT signaling in cellular and mouse models of HD.
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IIS signaling and Mn in other NDDs

Abnormal levels of IGF/insulin and decreased IIS signaling (namely, reduced AKT signaling)
have been observed in all neurodegenerative diseases including PD, Alzheimer's disease (AD),
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), spinocerebellar ataxias (SCA), and other
NDD-like conditions such as ataxia telangiectasia (AT). In the case for many models of these diseases,
IGF or insulin have been successfully used to ameliorate pathologies in vitro and in vivo; and they
have been used or targeted in clinical trials''1167-169 Unfortunately, these clinical trials have reported
little success. One possible reason for this is control of IGF-1 bioavailability by IGFBPs. This could be
overcome by using a modified IGF-1-like peptide which is unable to bind IGFBPs °. Furthermore,
although many studies have shown perturbation in metal ion homeostasis in these diseases, few have
explored a more specific role for Mn dysregulation. Recent studies elucidating Mn or IGF/Insulin

dysregulation in NDDs will be reviewed next, emphasizing developments in recent years.
PD and 1IIS/Mn

PD is a neurodegenerative disorder resulting in bradykinesia and motor rigidity affecting an
estimated 10 million people worldwide. Symptoms of the disease mostly occur in late adulthood as a
threshold of dopaminergic neurons in the substantia nigra degenerate. Unlike HD, there is no clear
genetic predisposition for most cases of PD, though mutations in some genes are correlated to
increased risk for PD. Given this and the late-onset of the disease, many studies have focused on
environmental modifiers of the disease!’t. PD has long been associated with perturbations in metal ion
homeostasis—particularly iron (Fe) and Mn. Mn toxicity causes parkinsonian-like symptoms and a
disease-state known as manganism, but most agree that its pathology is different from that seen in
Parkinson’s. This is mainly because neurodegeneration in PD occurs primarily in the dopaminergic
neurons of the substantia nigra while Mn toxicity manifests within the globus pallidus. Furthermore, at
least some patients with Mn induced parkinsonism do not produce Lewy bodies and can be
unresponsive to levodopa treatment!’?174, While these two diseases may be distinct, several lines of
evidence support a role for Mn dysregulation in PD. Chronic exposure to Mn is associated with
increased risk for PD. Also, Mn toxicity has been linked to reduced trysonine hydroxylase and dopamine
levels and DAT cell surface expression but reports regarding impaired neurotransmission and viability
in dopaminergic neurons have been inconsistent32174-178 Mn toxicity has also been associated with
increased alpha synuclein build-up, but it is unclear if this response is neuroprotective or enhances

neurodegenerationt’°-181,



IGF has been studied in the context of PD as well. Previous studies have revealed neuroprotective
effects of IGF in PD models and associated with increased dopaminergic survival in the substantia
nigrat0.179.182-184 'However, the majority of recent studies mainly focus on plasma IGF-1 levels as a
biomarker for PD progression. Several groups published studies suggesting IGF-1 levels were
increased in the sera of PD patients compared to control*®>18, Furthermore, studies revealed that
increased plasma IGF-1 levels correlate with cognitive decline and motor symptoms?*8>187, While these
studies have great utility as a clinical tool and seem to be quite sensitive, they have add minimal
mechanistic insight as to if or why IGF-1l/insulin and related signaling may be dysregulated or
pathogenic consequences. Thus, continued basic and mechanistic experiment to understanding of
IGF’s role in PD are needed to resolve inconsistencies and provide detail. AKT has received
considerable attention in the PD field via its neuroprotective roles in the brain. Aside from reduced p-
AKT levels found in post-mortem PD brains, several studies have linked increased AKT and IIS
signaling to both reduced dopaminergic cell death, reduced alpha synuclein toxicity and complex
interactions with PD-related proteins including PARKIN, PINK1, and DJ1109.182,188-192

AD and IIS/Mn

AD results primarily from the degeneration of hippocampal neurons which leads to severe
cognitive defects in late-adulthood. Disease is defined by two hallmark pathological features,
neurofibrillary tangles (hyperphosphorylated tau) and amyloid beta plaques, two aggregates which
incur neurotoxic stress. Heavy metals have also been associated with AD and its aggregate pathology,
though few studies have examined Mn levels or dysregulation!®31%4 However, two recent studies
investigated plasma Mn levels in AD and reported opposing results. Dehua and colleagues reported
elevated Mn levels which were correlated with increased amyloid beta expression and reduced
cognition while Bush et al reported reduced Mn levels in sera but no difference in patient

erythrocytes95:1%,

AD may have the most significant ties to IGF dysregulation of all NDDs. AD has been heavily
correlated to diabetic status and mechanistic understanding of metabolic dysfunction in AD has led to
it being referred to as "type 3 diabetes”, a form of diabetes that specifically affects the brainl%. In recent
years, studies have focused primarily on the effects of IGF/insulin on amyloid beta accumulation and
the use of IGF-1 levels as a biomarker for disease risk and progression. Two studies in 2009 reported
that reduced IGF signaling protects against AB accumulation, potentially by acting on the plagues
themselves, condensing them to less toxic forms98-201, These were contrary to a flurry of studies in the

early-mid 2000’s revealing IGF resistance and ameliorative effects by IGF treatment on AB



accumulation and cognitive functiontt2202-209 A few years later, insulin resistance and reduced IS
signaling was found in post-mortem AD brain tissue and soon after that, lower serum IGF-1 levels were
correlated to an increased risk for AD and dementia while higher levels were associated with greater
brain volume?°2219, |nterestingly, increased IGF has been reported in CSF of patients?!1212 Thus, even
though conflicting results have been reported, these studies reveal that AD is deeply tied to IGF biology.
Contrary to PD, excessive AKT signaling has been observed in AD. Several studies have reduced or
inhibited 11S signaling and observed delays in symptoms and reduced AB pathology??3213214, These
results, of course, are contrary to aforementioned studies utilizing IGF treatment in AD models. Such
conflicting results may be explained by an initial hyperactivation of 1S signaling which desensitizes the
pathway. In this way, both IIS inhibition early or IIS treatment late in disease progression may result in

ameliorative effects.
ALS and IIS/Mn

ALS is a neurodegenerative disease which affects more than 12,000 people in the U.S. Disease
onset is more variable than other diseases and can often occur in younger people. The cause of ALS
is unknown but pathology is attributed to loss of motor neurons in the brain and spinal cord resulting in
loss of voluntary muscle control and, in late-stage, patients are unable to move or breathe without
ventilator support. ALS has also been associated with metal ion dysregulation. Again, few studies
focused on Mn levels but a few studies have reported increased Mn in CSF and plasma while the other

reports no change in Mn but significant increases in copper and zinc and reduction in selenium?15-218,

IGF dysregulation and insulin resistance has been reported in ALS?1%-221, These data led to a
few in vivo studies using IGF-1 treatment in ALS models. While subcutaneous injection into the
periphery with IGF-1 was largely found to be ineffective, direct intrathecal injections directly into the
CSF resulted in some decrease in motor atrophy67.222, Given these results, a few clinical trials have
been attempted in ALS but have found little success'68223224_ One reason may be that these treatments
are given peripherally instead of intrathecally'’®. More recently, IGF2 has been found to be
neuroprotective in ALS models*10,

Autophagy in other neurodegenerative diseases

Autophagy has been linked to every neurodegenerative disease—namely because most NDDs
develop aggregate pathology which is often processed by autophagy. While autophagy is activated as
a protective process in order to maintain healthy homeostasis of the cell, if hyperactivated can result in
autophagy-mediated cell death. Thus, interactions between aggregates and autophagy play a
precarious role in NDDs??°. Recent studies have begun to explore the affects of metal toxicity on
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autophagy as well®®134_ In PD, autophagy has primarily been investigated in the context of mitophagy
(mitochondrial specific autophagy). PD has been linked to mitochondrial toxicity and dysfunction which
incurs mitophagy in an attempt to remove unhealthy mitochondria from the neurons to reestablish
cellular integrity. PARKIN and PINK1, two proteins associated with familial forms of PD, are essential
members of the mitophagy process??6231, In AD, autophagy is known to regulate both the secretion
and degradation of AB which adds increased complexity to its role in disease pathology. Several studies
have revealed increased autophagosome accumulation in AD models, but these results have been
inconsistent across disease progression?32-235, Recently, ALS studies have revealed that two ALS
associated proteins, TDP-43 and SOD1, are often dysregulated in ALS patients and models?236-238,
Interestingly, mutations in these proteins (amongst several other observed ALS mutation-associated
proteins) cause aberrant autophagic processing in neuronal and spinal cord neurons?3. Further studies
are needed to elucidate mechanistic understanding of these complex relationships to determine
whether dysregulated autophagy is a pathogenic mechanism or compensatory “rescue” response.
Future investigation must interrogate autophagic flux rather than commonly used end-point
measurements as the directionality and capacity of autophagy is necessary for further understanding
and therapeutics. The connections that have been drawn between autophagy and Mn or IGF/insulin
warrant continued exploration but studies should consider potential co-regulation of Mn and IGF/insulin

on autophagy processes and dysregulation.
Manganese toxicity and IGF

Little investigation has been done to examine the role of IGF in manganese toxicity. Tong and
colleagues found Mn toxicity caused reduced ATP and insulin/IGF receptor expression. Additionally,
as mentioned before, Hiney and colleagues have been revealing a role for Mn-induced toxicity in
hypothalamic development via IGF/mTOR related pathways °1,484951.71-73 1t js likely that Mn toxicity in
other brain regions are regulated a similar manner. Given that Mn accumulates in the brain primarily in
the basal ganglia, not the hypothalamus, it seems likely that and IGF/Mn interaction may play even
more crucial roles in other brain regions, particularly in aged model systems. Thus, future studies on
Mn toxicity and IGF could be informative on developmental toxicity, chronic environmental exposures,

and overall brain health.
The co-regulation of ATM, Mn, and insulin/IGF

Interestingly ATM, a Mn activated kinase, has been linked to both IGF/insulin and Mn signaling.
Previous studies have shown that Mn induced p53 activity is regulated by ATM. Furthermore, this Mn-

induced activity is blunted in HD due to lack of bioavailable Mn®2, Separately, low levels of the IGF-1
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receptor and loss of IGF-1 sensitivity have been observed in Ataxia Telangiectasia (AT), the disease
resulting from loss of function mutations in ATM, and in loss-of-function ATM models?4%-243, Additionally,
studies have shown patients with AT have significantly decreased IGF-1 levels?*424’, Furthermore,
others have shown ATM is essential for IGF and IGF-R transcription by phosphorylating and relieving
transcription factors and complexes including p53 from their respective promotors, allowing for
transcription?40:241.248-251 - Concurrently, downregulation of IGF-R results in increased radiosensitivity
and decreased ATM protein levels (MRNA was unchanged) revealing a potential circular regulation
between ATM and IGF-R?41:252253  Also, given that ATM is required for full activation of AKT, it seems
likely that the connections between ATM, Mn, and IGF carry some biological relevance in the context
of Mn/IGF co-regulation in NDD?%4, Mn could act as an initiating signaling molecule within this cascade
where Mn activates ATM/p53 which results in increased IGF/IGF-R transcription and subsequent
activation of the PI3K/AKT pathway. This hypothetical, albeit plausible, interaction could explain how a
Mn deficiency in HD might contribute to decreased IS (AKT/mTOR) and Mn-induced ATM/p53

signaling.
IIS sighaling, Mn and cancer

Given the striking parallels and potential co-regulation between Mn and 1S and the pronounced
and well-studied roles of IS in cancer progression, one must wonder if there is role for Mn/IIS co-
regulation in cancer etiology. As a pro-growth signaling pathway, IS is often highly upregulated in
cancers particularly during tumor progression®®®. However, most findings suggest Mn is not
significantly carcinogenic, even to exposed workers. In fact, Mn deficiency leads to a higher risk. A
plethora of studies, namely clinical examination of Mn levels in cancer patients, support the role for Mn
deficiency in cancer via reduced MnSOD activity and enhanced ROS accumulation in various cancer
types?°6-260_ Of note, Mn has been shown to be essential for the activation of ATM and MRE11, two
DNA-damage repair proteins, and able to increase phosphorylation of p53, the most-well studied tumor
suppressor gene which exerts control on cell cycle supporting a role for Mn deficiency in cancer. In fact,
many cancers contain mutations in these same proteins. Somewhat paradoxically, HD is associated
with reduced Mn bioavailability and reduced risk for cancers?. Accumulating data, studies, and clinical
trials support a hypothesis that perturbations in [IS and metal ion homeostasis separately contribute to
both NDDs and cancer in somewhat opposite fashions while a dearth of investigation exists to study
their potential co-regulation in either disease.

11



Conclusions

The roles for IGF and Mn separately in HD are far from being fully elucidated. However, the
sizeable overlap between their homeostasis and downstream effects supports a need to consider their
coregulation in the context of diseased and healthy states. Neuroprotective cell signaling (i.e. AKT,
MTOR, ERK/MAPK), mitochondrial health, and autophagic function have been implicated in all NDDs
repeatedly by multiple groups. Past and present research has revealed an essential role for IIS in
coordinating these cellular processes. However, little attention has been given to Mn role even though
distinct lines of evidence substantiate its essentiality in these very same processes and even the
upstream regulation of insulin/IGF. There is not enough evidence one way or another to draw a clear
conclusion whether Mn may be at the heart of IIS dysregulation in NDDs, but there is certainly enough

to warrant serious consideration of its role as a contributing factor.

It is still unclear how Mn is exerting its effects on IGF/insulin levels and signaling. Is Mn acting
at the levels of transcription, translation, or post-translationally? The intriguing possibility that Mn might
regulate IGF-R transcription through ATM/p53 is one that merits further study as it may have
implications in not only NDDs but cancer and diabetes as well. Furthermore, given the widespread
transcriptional targets of p53, Mn could be widely essential for the transcription of various proteins. Mn
could also be exerting its control post-transcriptionally — potentially at the blood brain barrier or via
interactions with IGF binding proteins. Clegg and colleagues reported that Mn deficiency resulted in
increased IGF-BP3 which they suspected might reduce IGF bioavailability®®. However, little
investigation has been done to follow up on these findings or explore Mn’s role on other IGF-BPs which

could offer a clear mechanism of Mn’s regulation of IGF.

We discussed here many examples of overlap between HD etiology, IGF/insulin biology, and
Mn homeostasis. While these connections have been more fully elucidated in HD, the inherent overlap
between NDD pathology suggests similar roles for Mn and IGF/insulin in other NDDs. However, as
reviewed here, there is preliminary evidence that these NDDs often exhibit different trends in Mn and/or
insulin/IGF homeostasis— for example PD is associated with increased Mn while HD is associated with
Mn-deficiency. However, these observations lead to the following additional questions— 1) are we
exploring IGF/insulin and Mn dysregulation at the “right” times during disease progression 2) are we
inspecting the levels of Mn or IGF/insulin in the correct tissues and 3) is this dysregulation truly a
contributor to disease pathology or simply a downstream effect of a higher mechanism? If IGF/insulin
and/or Mn are truly dysregulated in NDDs, one would imagine that there are defined stages of disease

progression when specific defects can be observed. Mn or insulin/IGF could be affected early on in the
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disease prior to symptoms, during early symptom manifestation, or during late-stage progression once
significant brain atrophy has occurred (or across the entirety of disease progression). Furthermore, it
is likely that this dysregulation may differ in not only magnitude, but directionality, between each stage
of the disease as molecular signaling attempts to compensate or desensitize. While serum and plasma
levels offer a potential biomarker of brain Mn dysregulation, further studies must examine how these
levels correlate to what is seen in actual brain tissue. Studies have found that changes in IGF by age,
sex, diet, BMI, and secondary disease status can cause immense variability between patients!!®,
Several heavy metals are reported to accumulate in the brain with age and can differ by similar
confounds suggesting peripheral Mn may also be an inappropriate measurement for brain Mn.
Furthermore, Regulation of IGF/insulin and Mn across the blood brain barrier has been somewhat
elucidated, but strict regulation of these molecules is needed to establish brain integrity suggesting that
they might be very different from what is seen in serum/plasma or even CSF. Confirming consistencies
between serum, plasma, blood, CSF and the brain should be done in rodent models across disease
progression to validate IGF/insulin and Mn biomarkers— substantiating their use in clinical studies. For
other NDDs, a higher mechanistic understanding of IGF/insulin and Mn biology should be explored at
the molecular and cellular levels, similar to what has been done in the HD field. Lastly, given the
extended time it takes prior to NDD manifestation, one must ask whether observed defects in
IGF/insulin or Mn are either a cause of the disease or instead a consequence of the neurodegeneration.
This is a difficult question to answer given the inherent difficulty in working with aged models— namely

mouse models which often do not fully recapitulate the pathology observed in humans.

Currently, available methods and technology make it quite difficult to truly investigate these
guestions in a high-through put manner. Highly sensitive biomarkers for Mn and IGF/insulin levels in
the brain are likely required to observe changes across disease progression which are currently
unavailable. The high variability and contradictory data of IGF/insulin levels in serum/plasma compared
to brain suggest these are not always appropriate measurements for brain levels. While existing
techniques can quantify levels of Mn in tissues or cells (ICP-MS, graphite furnace, cellular fura-2 Mn
extraction assay (CFMEA)) as well as techniques that allow a cellular/sub-cellar resolution of Mn
localization (XANES- X-ray absorption near edge structure), high costs and complexities related to
maintaining in vivo patterns has limited understanding of Mn brain homeostasis?®?. Thus, creative

approaches will be necessary to answer these outstanding questions
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CHAPTER 2

PHOSPHATIDYLINOSITOL 3 KINASE (PI3K) MODULATES MANGANESE HOMEOSTASIS AND
MANGANESE-INDUCED CELL SIGNALING IN A MURINE STRIATAL CELL LINE
Adapted from: Bryan, M. R., Uhouse, M. A., Nordham, K. D., Joshi, P., Rose, D., O'Brien, M. T.,
Aschner, M. & Bowman, A. B. Phosphatidylinositol 3 kinase (PI3K) modulates manganese homeostasis

and manganese-induced cell signaling in a murine striatal cell line. NeuroToxicology,
doi:10.1016/j.neuro.2017.07.026 (2017).

Abstract

In a recent study, we found that blocking the protein kinase ataxia telangiectasia mutated (ATM) with
the small molecule inhibitor (SMI) KU-55933 can completely abrogate Mn-induced phosphorylation of
p53 at serine 15 (p-p53) in human induced pluripotent stem cell (hiPSC)-differentiated striatal
neuroprogenitors. However, in the immortalized mouse striatal progenitor cell line STHdhQ"Q7, a
concentration of KU55933 far exceeding its ICso for ATM was required to inhibit Mn-induced p-p53.
This suggested an alternative signaling system redundant with ATM kinase for activating p53 in this
cell line- one that was altered by KU55933 at these higher concentrations (i.e. mMTORC1, DNApk, PI3K).
To test the hypothesis that one or more of these signaling pathways contributed to Mn-induced p-p53
we utilized a set of SMis (e.g. NU7441 and LY294002) known to block DNApk, PI3K, and mTORC1 at
distinct concentrations. We found that the SMIs inhibit Mn-induced p-p53 expression near the expected
ICsos for PI3K, versus other known targets. We hypothesized that inhibiting PI3K to reduce intracellular
Mn and thereby decrease activation of p53 by Mn. Using the cellular fura-2 manganese extraction
assay (CFMEA), we determined that KU55933/60019, NU7441, and LY294002 (at concentrations near
their ICsos for PI3K) all decrease intracellular Mn (~50%) after a dual, 24-hour Mn and SMI exposure.
Many pathways are activated by Mn aside from p-p53, including AKT and mTOR pathways. Thus, we
explored the activation of these pathways by Mn in STHdh cells as well as the effects of other pathway
inhibitors. p-AKT and p-S6 activation by Mn is almost completely blocked upon addition of
NU7441(5uM) or LY294002(7uM), supporting PI3K’s upstream role in the AKT/mTOR pathway. We
also investigated whether PI3K inhibition blocks Mn uptake in other cell lines. LY294002 exposure did
not reduce Mn uptake in ST14A, Neuro2A, HEK293, MEF, or hiPSC-derived neuroprogenitors. Next,
we sought to determine whether inhibition of PISK blocked p53 phosphorylation by directly blocking an
unknown PI3K/p53 interaction or indirectly reducing intracellular Mn, decreasing p-p53 expression. In-
Cell Western and CFMEA experiments using multiple concentrations of Mn exposures demonstrated

that intracellular Mn levels directly correlated with p-p53 expression with or without addition of
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LY294002. Finally, we examined whether PI3K inhibition was able to block Mn-induced p-p53 activity
in hiPSC-derived striatal neuroprogenitors. As expected, LY294002 does not block Mn-induced p-p53
as PI3K inhibition is unable to reduce Mn net uptake in this cell line, suggesting the effect of LY294002

on Mn uptake is relatively specific to the STHdh mouse striatal cell line.

Introduction

The element manganese (Mn) is critical for almost all forms of life, yet in excess can be extremely
toxic. In humans and mouse models, Mn toxicity has been linked to Parkinsonian-like
neurodegeneration including a condition known as manganism74176.1%4_ This critical axis of essentiality
toxicity demands strict regulation of Mn in almost all biological systems. Although some is known about
Mn regulation at in the gut, very little is known about its regulation at the neuronal level. Understanding
the complexity of this system is caused, in part, by the fact that most metal transporters are highly
promiscuous, capable of transporting many different ions. Some of these include transporters divalent
metal transporter-1 (DMT-1), transferrin, Ferroportin, Huntingtin interacting protein (HIP)14, PARK9
and calcium channels. In addition, few of these exclusively transport Mn at relevant concentrations

aside from some possible exceptions such as SLC30A10%2,

The STHdh immortalized murine neuroprogenitor cell model is an ideal system to study
neuronal Mn biology as the cellular fura 2 manganese extraction assay (CFMEA) was developed and
rigorously tested in this system?62, Cellular Mn uptake in the STHdh cells is robust and can occur at
levels which are sub-toxic, yet exhibit sensitive activation of cell signaling pathways which are much
less responsive in other neuronal systems. In addition, our previous findings on Mn-induced activation

of AKT and ATM/p53 were conducted primarily using in this model system?&2:263,

Mn is necessary for the activity of many biologically indispensable enzymes including
manganese superoxide dismutase (MnSOD), arginase, and glutamine synthetase and sufficient for the
activation of many more including ataxia telangiectasia mutated (ATM) kinase. Both toxic and sub-toxic
levels of Mn are known to stimulate several critical cell signaling pathways implicated across a broad
variety of biological processes and disease states*1:42454849,81,82.8586264-267 |n this study, we focus
particularly on p53 and AKT/mTOR pathways that have not only been studied in the context of Mn
toxicity but also extensively implicated in several neurodegenerative diseases including Parkinson’s
and Huntington’s disease?7:88.91.92,96,104.126 ' Activation by Mn allows ATM to phosphorylate P53, a tumor
suppressor gene®°. P53 functions most commonly to direct DNA repair, cell cycle arrest, and
apoptosis—processes highly implicated in both cancer and neurodegeneration. AKT/mTOR
pathways—canonically activated by upstream growth factors—are implicated across a wide variety of
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processes spanning glucose metabolism, cell proliferation, autophagy and apoptosis. Presently, the
regulation of Mn within neurons is a “black box” with little known about how Mn is transported or
sequestered within the brain. Thus, understanding the complete implications of Mn homeostasis on
Mn-responsive proteins and processes or even how Mn activates specific proteins has been difficult to
study. We sought to study how Mn acts to stimulate the aforementioned cell signaling pathways in a
murine striatal neuroprogenitor model and whether these Mn-responsive cell signaling pathways could

also modulate Mn levels within these cells.

Results

KU55933 and KU60019 do not completely inhibit p-p53 in wild-type STHdh cells

Recently, our lab has shown that ATM kinase is responsible for the phosphorylation of p53 on
serine 15 (p-p53) following exposure to sub-toxic (200uM) concentrations of Mn in human induced
pluripotent stem cells (hiPSCs) differentiated into striatal-like neuroprogenitors. We found that 1uM
KU55933 completely inhibits phosphorylation of p53 at serine 15 following a 200uM Mn exposure in
hiPSC-derived Day 11 striatal neuroprogenitors. However, in El4-derived mouse striatal
neuroprogenitors (STHdh), KU55933 does not completely inhibit p-p53 or p-H2AX expression (~50%
decrease), two targets of ATM, following a 24 hour, 50uM Mn exposure even at 20uM, a concentration
far beyond the reportedICso for ATM (Figure 2-1A). Furthermore, KU60019, a more potent and specific
derivative of KU559933, was unable to block Mn-induced p-p53 activity at 10uM as measured by In-
cell western (Figure 2-1B) 258, Previous work in this cell model also revealed that 20uM KU55933 was
unable to completely block H202 (1 hour) induced p-p53 activity but could block the DNA mutagen
neocarzinostatin (1 hour) induced p-p53 activity, suggesting that other kinases are responsible (at least,

in part) for Mn induced p-p53 expression 82,

NU7441 and LY294002 inhibit p-p53 activation and Mn uptake at concentrations which inhibit
PI3K.

Given the contradictory results between the hiPSC and STHdh systems, we sought to explore
whether alternative kinases act similarly to ATM in the STHdh cells to phosphorylate p53 at serine 15.
Additionally, a previous study revealed that KU55933 can inhibit DNApk, mTOR, and PI3K at 2.5uM,
9.3uM and 16.6uM, respectively 25, In order to determine if any of these kinase signaling pathways are
responsible for Mn-induced phosphorylation of p53, we utilized several small molecule inhibitors (SMIs)
with overlapping ICsos for DNApk, mTOR, ATM, and PI3K (Table 1). As kinase inhibitors are notoriously

nonspecific, we used other PIKK inhibitors that also inhibit PI3K at defined 1Csos,
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Wild-type STHdh
Veh KUS Mn KU5*

P-p53 | . -— —|

- Set1
P-H2AX ‘ . — ‘
P-p53 ‘ — _‘
Set 2
P-H2AX ‘ — {
*= with Mn

Wild-type STHdh

Fold change over vehicle

Figure 2-1: KU55933 and KU60019 do not completely inhibit Mn-induced p-p53 activity in STHdh
cells. A) Two representative blots with identical conditions showing partial inhibition of Mn-induced p-
p53 and p-H2AX after treatment with 20M KU55933 in STHdh cells. B) Quantified In-Cell Western
data showing p-p53 expression after 24-hour Mn and/or KU55933/KU60019 exposure. n=3 with 5
technical replicate wells. Error bars= SEM. Work done with the assistance of Michael Uhouse.

Inhibitor

KU-55933 16.6uM., 9.3uM,,
KU-60019 Unknowns, Unknowns,
SUM;; 1.7uMs;
Rapamycin - 1nMgg 54
Torin 2 1uM3g 56 2nMgg 36
LY294002 1-10pM, 2.5uMy,

"~ eek | wior | awm | am

13nM,, 100uMs, 2.5uM.,
6nM;,; Unknowns, Unknowns,
100uM; 100uM.; 14nM,;,
BUM3g 5 35nM3g 39 >1uMsg 39
>20uM;; >20uM ;- 1.2puMyg

Table 1: The literature reveals KU55933 inhibits PI3K at higher concentrations. All inhibitors
used in this study are shown below with known, reported ICsos against PI3K, mTOR, ATM, ATR, and

DNApk. Note citations in subscript.
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providing additional validation of our studies. In this way, we used overlapping, yet specific ICsos to
exclude particular protein targets (ie: If KU55933 were to inhibit Mn-induced p-p53 at 2.5 uM, but
NU7441 does not inhibit p-p53 at 14nM and LY294002 does not inhibit at 1.2 uM, then DNApk inhibition
would likely not be responsible for reduced p-p53— see Table 1). Thus, we first exposed STHdh cells
for 24-hours with 50puM Mn and either NU7441 or LY294002. NU7441 is known to inhibit DNApk at
14nM, but also inhibits PI3K at 5 pM.

Given the contradictory results between the hiPSC and STHdh systems, we sought to explore
whether alternative kinases act similarly to ATM in the STHdh cells to phosphorylate p53 at serine 15.
Additionally, a previous study revealed that KU55933 can inhibit DNApk, mTOR, and PI3K at 2.5uM,
9.3uM and 16.6uM, respectively 2°. In order to determine if any of these kinase signaling pathways are
responsible for Mn-induced phosphorylation of p53, we utilized several small molecule inhibitors (SMIs)
with overlapping ICsos for DNApk, mTOR, ATM, and PI3K (Table 1). As kinase inhibitors are notoriously
nonspecific, we used other PIKK inhibitors that also inhibit PI3K at defined ICsos, providing additional
validation of our studies. In this way, we used overlapping, yet specific ICsos to exclude particular protein
targets (ie: If KU55933 were to inhibit Mn-induced p-p53 at 2.5 uM, but NU7441 does not inhibit p-p53
at 14nM and LY294002 does not inhibit at 1.2 uM, then DNApk inhibition would likely not be responsible
for reduced p-p53— see Table 1). Thus, we first exposed STHdh cells for 24-hours with 50uM Mn and
either NU7441 or LY294002. NU7441 is known to inhibit DNApk at 14nM, but also inhibits PI3K at 5
UM. LY294002 inhibits PI3K at 7 puM. Upon treatment with Mn and NU7441/LY294002, a ~50%
decrease in p-p53 levels was observed with 5uM NU7441 and 7uM LY294002, mirroring the effects of
20uM KU55933 on p-p53 expression (Figure 2-2A, B)?79271 At these concentrations, NU7441 and
LY294002 do not inhibit ATM. Furthermore, NU7441 and LY294002 reduced Mn-induced p-p53 levels
in a dose-dependent manner with an approximate ICso near their defined ICso for PISK (Figure 2-2C,
D).

LY294002, NU7441, KU55933, and KU60019 can reduce Mn uptake at concentrations near the
ICso for PI3K

It was surprising that PI3K inhibition reduced Mn-induced p-p53 expression, as PI3K is not
directly linked to the activation of ATM/p53 (though downstream signaling members of PI3K—AKT and
MmTOR—have been linked to p53 regulation). We hypothesized that these inhibitors (LY294002,
NU7441, KU55933, and KU60019) could be acting by reducing Mn uptake itself, thus reducing the
intracellular pool of Mn and leading to a decrease in p-p53. Utilizing the cellular fura-2 Mn extraction

assay (CFMEA), we examined Mn uptake after a 24-hour dual exposure/treatment with 50uM Mn and
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Figure 2-2: NU7441 and LY294002 inhibit phosphorylation of p53 activation and Mn uptake at
concentrations that inhibit PI3K. A) Representative western blot showing p-p53 (serl5) expression in
STHdh cells with added Mn and/or SMIs. Coomassie stain (total protein, below) was used as a loading
control. B) Quantification of p-p53 (serl5) from western blots (n=3). Error bars=SEM. ). All Mn + SMI
values were compared with Mn alone by t-test. *p<0.05, **p<0.01. C, D) Dose-response curve for Mn-
induced p-p53 expression using LiCor In-Cell Western assay with increasing concentrations of
LY294002 or NU7441 (n=2 with 5 technical replicate wells, error bars represent SD of all 10 wells). Red
arrows denote reported I1Cso for respective SMI. Work done with the assistance of Michael Uhouse.
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Figure 2-3: LY294002, NU7441, KU55933, and KU60019 can reduce Mn uptake at concentrations
near the IC50 for PI3K. A-D) Cellular Fura-2 manganese extraction assay (CFMEA) was used to
quantify 24-hour Mn uptake with increasing concentrations of NU7441, LY294002, KU55933, or
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arrows denote reported ICso for respective SMI. E) CFMEA after 24-hour Mn and/or mTOR inhibitors
“mTORI” (Torin or Rapamycin). Work done with the assistance of Michael Uhouse.
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an SMI. LY294002, NU7441, KU55933, and KU60019 were able to reduce Mn uptake only at
concentrations which neared the ICso for PI3K inhibition (mTOR inhibitors had no effect on Mn uptake
even at levels exceeding the ICso for mTOR) (Figure 2-3). The two ATM inhibitors (KU55933 and
KU60019) were able to inhibit Mn-induced p-p53 expression only at concentrations exceeding the ICso
for ATM (Figure 2-3C, D). These data suggest that the observed reduction in Mn-induced p-p53
expression by these SMis is a result of decreased Mn uptake.

LY294002 and NU7441 can reduce Mn-induced p-AKT and p-S6 expression at concentrations
near the ICso for PI3K

Mn exposure has been known to activate AKT and mTOR pathways in addition to ATM/p53
41,42,45,48,49,70,73,81,85,194,264  STHdh cells were exposed with 50uM Mn and either NU7441, LY294002, or
Rapamycin for 24-hours then expression levels of p-AKT(Ser473), and p-S6(Ser235/236) were
analyzed by western blot. P-AKT(Ser473) expression levels were greatly reduced after exposure with
NU7441 and LY294002 (~3 fold) while Rapamycin was unable to inhibit p-AKT levels (Figure 2-4A, C),
consistent with mTORC1 signaling being downstream of AKT. p-S6 (Ser235/236) levels, indicative of
MTOR activity, were reduced to the greatest magnitude after NU7441 or LY294002 exposure, but also
after exposure with 1nM rapamycin (Figure 2-4B, D). We examined the effects of LY294002, NU7441,
and Rapamycin without Mn (from the same set as data in Figure 2-4A-D) which show that mTOR is
blocked by LY294002, high concentrations of NU7441 which should inhibit PI3K, and rapamycin.
LY294002 and NU7441, but not rapamycin, reduced expression of p-AKT, consistent with their
inhibitory cross-reactivity for PI3K. None of the inhibitors blocked basal p-p53 expression (Figure 2-5).
We observed similar phospho-protein trends after 3 hour exposures but neither LY294002 nor NU7441
could reduce Mn uptake after only 3 hours (Figure 2-6). These results confirm that the SMIs are
inhibiting the pathways we expected, further confirming a role for PI3K in Mn homeostasis and Mn-
dependent cell signaling in this STHdh cell line.

LY294002 is unable to reduce Mn uptake in other cell lines or during shorter exposures

We next investigated whether the inhibition of PI3K also had an effect on Mn uptake in other cell
models aside from STHdh. Additionally, given that PI3K is a critical protein involved in both endocytic
and exocytic trafficking as well as activation of AKT, we wanted to examine whether the observed
effects on Mn uptake are driven by cellular toxicity. We exposed STHdh cells with Mn and/or LY294002,
NU7441, KU55933, or KU60019 for 24 hours and used Cell Titer Blue to measure cell viability. Cell
viability in the STHdh was relatively unchanged by exposure/treatment with Mn and/or inhibitors

(Figure 2-7B, C). However, while STHdh cells exhibit robust decreases in net Mn
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Figure 2-4: LY294002 and NU7441 can reduce Mn-induced p-AKT and p-S6 expression at
concentrations near the IC50 for PI3K. A, B) Representative western blots for p-AKT(Ser473) or p-
S6(Ser235/236) with Mn and/or SMI for 24 hours. Coomassie stain (total protein, below) was used as
a loading control. C,D) Quantification of p-AKT(Ser473) or p-S6(Ser235/236) from western blots
(n=3). All Mn + SMI values were compared with Mn alone by t-test. *p<0.05, **p<0.01. Error bars =
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Figure 2-5: LY294002, NU7441, and rapamycin inhibit expected pathways. Western
blot analysis on STHdh cells after 24 hour exposure with inhibitors, without Mn. A) p-p53
(Serlb), B) p-AKT (Ser473), C) p-S6 (Ser235/236). n=3. All SMI values were compared
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Figure 2-6: LY294002 and NU7441 reduce Mn-induced p-AKT and p-S6, but do not
reduce net Mn uptake at concentrations near the ICso for PI3K after 3 hours in
STHdh cells. A) CFMEA analysis after 3 hour exposure with Mn and/or LY294002.
Western blot analysis for p-p53, p-AKT, and p-S6 after 3 hour exposures (B-E). n=3 All
Mn + SMI values were compared with 50uM or 100uM Mn alone by t-test. *p<0.05,
**p<0.01. Error bars= SEM.
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Figure 2-7: LY294002 is unable to reduce Mn uptake in other cell lines. A) CFMEA in
STHdh cells after 24 hour exposure with Mn and/or SMis. B) Cell Titer Blue viability assay
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exposure with SMis only. D) CFMEA on other cell lines after 24 hour exposure with Mn or
Mn+LY2. n=3 with 6 technical replicate wells each. All Mn + SMI values were compared with
Mn alone by t-test. *p<0.05, **p<0.01. Error bars= SEM.
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Figure 2-8: LY294002 and NU7441 do not decrease Mn uptake in Neuro2A (N2a) and
HEK293 cells. CFMEA analysis after 3hr (A) or 24hr (B) dual exposure with 50uM or 100 uM
Mn and 7uM or 5uM LY294002 or NU7441, respectively. C) Cell Titer Blue cell viability analysis
after 24 hour exposures. n=3. All Mn + SMI values were compared with 50uM or 100pM Mn
alone by t-test. *p<0.05, **p<0.01. Error bars= SEM.
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uptake following dual Mn and PI3K inhibitor exposure with limited toxicity, PI3K inhibition was unable
to reduce Mn uptake in any of the other cell lines tested (ST14A, Mouse embryonic fibroblasts (MEF),
hiPSC differentiated striatal neuroprogenitors) (Figures 2-7A, D). We also tested whether LY294002
and NU7441 could inhibit PI3K signaling (p-AKT, p-S6 expression) during 3 or 24 hour exposures in
Neuro2A and HEK293 cells. We found that LY294002 blocks basal (~50%) and Mn-induced
AKT/mTOR activity in these cell lines after 3 or 24 hours, but both LY294002 and NU7441 do not block
Mn uptake (Figure 2-8, 2-9, 2-10). These data suggest the mechanism for PI3K inhibition on net Mn
uptake is not sufficiently explained by AKT or S6 signaling and is specific to the unique biology of the
STHdh cell line.

LY294002 inhibits p-p53 activity in STHdh cells by reducing intracellular Mn

As we observed decreased net Mn uptake with LY294002 and Mn co-exposure, we postulated
that the PI3K inhibitor decreases Mn-induced increased p-p53 levels by decreasing intracellular Mn
levels. Consequently, we assessed the relationship of intracellular Mn levels and p-p53 levels at a
range of Mn exposures (25, 37.5, and 50uM) with and without LY294002 (7um). LY294002 reduced
intracellular Mn and p-p53 expression by 50% at all Mn concentrations. Furthermore, a linear regression
of Mn vs. p-p53 activity reveals a high correlation between Mn levels and Mn-induced p-p53 expression
(R?=0.9649, 0.9860, and 0.9775 for Mn, Mn and LY294002, combined Mn and Mn LY294002 values,
respectively) (Figure 2-11A-C). In addition, ANCOVA analysis was performed on this data to examine
whether these linear regression lines were statistically different from each other. ANCOVA revealed
that the slopes of the regression lines were not statistically different and were heavily correlated
(R?=0.98, p=0.218, df=6, F=1.98). These exposures resulted in slight reductions in cell viability, but not
enough to account for the observed changes in Mn uptake and p-p53 expression (Figure 2-11D).
Together these data suggest p-p53 acts as a surrogate rheostat of Mn levels within these cells.
Together, these findings confirm our hypothesis that LY294002 reduces intracellular Mn, indirectly
reducing activation of p-p53 by Mn, rather than inhibiting direct phosphorylation of p53 by PI3K or a
downstream partner.
PI3K inhibition does not block Mn-induced p-p53 in Day 11 Islet 1 hiPSC-derived
Neuroprogenitors

Lastly, we sought to test whether LY294002 inhibits Mn-induced increases in p-p53 in a cell line
where LY294002 is unable to reduce Mn uptake (day 11 hiPSC-derived Islet-1 striatal
neuroprogenitors). Dual LY294002 and 200uM Mn exposure did not block Mn-induced p-p53 activity
(p=0.145) in three patient-derived cell lines (Figure 2-12B, C). As a positive control, KU60019 was able

to partially reduce Mn-induced p-p53 levels at 1uM (p=0.047), but to a lesser degree than our
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Figure 2-9: LY294002 inhibits Mn-induced p-AKT (Ser473) and p-S6 (Ser235/236) expression in
Neuro2A (N2a) and HEK293 cells. Western blot analysis in Neuro2A (A-F) and HEK293 (G-L) cells
after 3 or 24-hour dual exposures (50uM or 100uM Mn and 7uM LY294002). n=3. All Mn + SMI values
were compared with 50uM or 100uM Mn alone by t-test. *p<0.05, **p<0.01. Error bars= SEM. Work
done with the assistance of Piyush Joshi.
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Figure 2-10: LY294002 inhibits basal p-AKT (Ser473) and p-S6 (Ser235/236) in
Neuro2A (N2a) and HEK293 cells. Western blot analysis in Neuro2A (A, B) and
HEK293 (C, D) cells after 3 or 24 hour dual exposures (100uM Mn and 7uM LY294002)
for p-AKT and p-S6. All SMI values were compared to vehicle treated. n=3. Error
bars=95% CI. Work done with the assistance of Piyush Joshi.
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Figure 2-11: LY294002 inhibits p-p53 activity in STHdh cells by reducing intracellular Mn. A-
C) Linear regression plots for Mn (X) vs p-p53 (Y) across 25uM , 37.5uM , or 50uM Mn exposures
with or without LY2 for 24 hours. Mn (A), Mn+LY294002 (B), and Mn combined with Mn+LY2 (C)
are plotted separately (n=2 with 5 replicate wells per condition, error bars are SD for each set of 5
replicate wells). R? values are shown next to each line. ANCOVA: R?=0.98, p=0.218, df=2, F=1.98.
D) Cell Titer Blue cell viability assay after 25uM , 37.5uM , or 50uM Mn exposure for 24 hours, with
and without LY294002. Error bars= SEM.
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Figure 2-12: PI3K inhibition does not block Mn-induced p-p53 expression in Day 11 Islet 1
hiPSC-derived Neuroprogenitors. A) Representative western blot of confirmed complete inhibition of
Mn-induced p-p53 activity after 24 hour treatment with Mn and 1uM KU50019. B) Representative
Simple Wes “lane view” image of Islet-1 neuroprogenitor lysates — cells were treated with 200uM Mn
and 7uM LY294002, or 1puM KU60019 with and without 200puM Mn — probed for p-p53 (Serl5). C)
Quantification of Simple Wes for p-p53/actin and normalized to respective untreated vehicle. n=3 from
three separate control hiPSC cell lines. All Mn + SMI values were compared with 50pM or 100pM Mn
alone by t-test. *p<0.05, **p<0.01. Error bars= SEM. Work done with the assistance of Kristen
Nordham.
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previous study (Figure 2-12A). Together, these data suggest PI3K plays a unique role in Mn uptake,
and thus Mn-induced cell signaling activity, in STHdh cells but not other cell lines— even those of

striatal lineage.

Discussion

We have demonstrated that the SMIs KU-55933, NU-7441, and LY294002 can potently inhibit
Mn uptake (near ~50% for all three SMIs) in a mouse striatal neuroprogenitor model at concentrations
consistent with inhibition of their shared target, PI3K. KU-60019, to the best of our knowledge, has not
been reported to inhibit PI3K, though KU55933 is known to inhibit PI3K at concentrations of 16.6uM or
higher. Our data suggest that KU-60019 also inhibits PI3K at an approximate ICso of 10uM (Figure 2-
3D), if it reduces net intracellular Mn uptake in STHdh cells via the same mechanisms the other SMis
used. This conclusion is consistent with the relative inhibition of Mn-uptake for KU-60019 being almost
identical (~50%) to the established PI3K inhibitors. Our data suggest KU-55933, NU-7441, LY294002,
and KU-60019 do not decrease net Mn levels via reduced cell viability, since effective concentrations
only showed about a 15-20% reduction in viability, even in the presence of Mn - this was insufficient to
account for the over 50% decrease in Mn uptake seen with these inhibitors. LY294002, a specific
inhibitor of PI3K, is effective at reducing net Mn uptake at a concentration consistent with PI3K inhibition
from the literature (7uM) (Figure 2-3) 272, Likewise, the concentrations at which NU-7441 and KU-
59933 were found to be effective at inhibiting Mn uptake and p-p53 expression (5uM and 20uM,
respectively) are also consistent with inhibition of their shared off-target, PI3K (inhibited at 5uM and
16.6uM, respectively) (Table 1, Figure 2-2). nTORC1 is also a shared target between all four inhibitors,
but use of MTORC1 inhibitors rapamycin or torin at concentrations equal to or surpassing their 1Csos for
MTORC1 had no effect on Mn uptake (Figure 2-3E) 273274,

As LY294002 could not reduce Mn uptake in the other cell lines tested, the role of PI3K may be
uniquely tied to Mn homeostasis in STHdh cells. Perhaps STHdh cells lack a compensatory pathway
for PI3K that is preserved in the other cells tested, making STHdh Mn homeostasis exquisitely sensitive
to PI3K inhibition. It is also possible the STHdh cell line, because its specific lineage, neuronal maturity,
origin, etc. expresses a specific transporter which is PI3K dependent. Alternatively, while LY294002 is
reported to be specific to PI3K at the concentrations used, it is possible that LY294002 is also inhibiting
another protein, similar to PI3K, in STHdh cells and causal in the observed effects. Reported ICsos of
LY294002 for PISK have been somewhat variable between studies and cell lines (1-10uM). These
reports have shown that LY294002 can also inhibit other targets (including mTOR and DNApk) at

concentrations lower than 10uM 271275276 However, in this study we utilized more specific inhibitors
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(Rapamycin and NU7441) with overlapping ICsos, suggesting that neither mTOR nor DNApk are
responsible for the effect. Collectively, available data cannot exclude the possibility that a specific off-
target for LY294002, aside from mTOR and DNApk, may be uniquely expressed in STHdh cells and
responsible for Mn uptake in these cells and not in other cell lines. However, this specific off-target

would have to be coincidentally inhibited by four different inhibitors at all their reported ICsos for PI3K.

While our study does not elucidate the mechanism by which PI3K is modulating Mn uptake, our
results do offer some insight. PI3K inhibition only results in reduced Mn uptake in STHdh cells after
24hrs, which could indicate an epigenetic alteration or a transcriptional-to-translational cascade is
occurring in these cells after the addition of PI3K inhibitors, reducing Mn uptake (Figure 2-3, 2-5).
However, these four inhibitors do inhibit basal and Mn-induced p-AKT and p-S6 expression at 3 hours,
even in cell lines in which they do not affect Mn uptake (Figure 2-6, 2-8, 2-9). Thus, inhibition of AKT
and mTOR is not responsible for the reduction in Mn uptake observed upon exposure with PI3K
inhibitors. Furthermore, the results suggest that Mn-induced p-AKT and p-S6 signaling are PI3K-

dependent.

Our observations reported here raise some very novel and interesting questions. How is PI3K
exerting its role on Mn-homeostasis in the STHdh model? What types of transport/transporters is PI3K
working through to impinge on Mn homeostasis? Given the inherent difficulty in studying Mn
homeostasis due to poorly understood transport and sequestration, understanding how PI3K is capable
of such a dramatic effect on Mn uptake could lead to the discovery of other, more commonly shared,
pathways of Mn homeostasis. Considering PI3K’s downstream role in endocytosis via signaling of
PIP2-PIP3, a reasonable hypothesis is that PI3K signaling upregulates endocytosis of a specific,
unknown Mn-receptor on the cell surface. This type of transport would mirror clathrin-mediated
endocytosis of iron, another biologically indispensable heavy metal. A previous study by our lab has
shown that saturating clathrin-mediated uptake with iron, thus blocking transferrin-mediated Mn uptake,
only reduces Mn toxicity by ~10% STHdh cells 263, This suggests clathrin-mediated endocytosis cannot
fully explain the effect of PI3K inhibition on Mn uptake. Regardless, Mn uptake has directly been
associated with intracellular toxicity via increased generation of reactive oxygen species and
mitochondrial dysfunction and has been recognized as a potent neurotoxicant—particularly in
dopaminergic neurons 52177.178.277-283 = Thjs study suggests that PI3K may play a role in neuronal Mn
homeostasis, offering a potential target/pathway which can be furthered studied in the context of Mn
toxicity. LY294002 causes some toxicity, which is exacerbated by addition of toxic concentrations of
Mn and, thus, does not reduce overall intracellular toxicity. In principle, however, using other small

molecules to target pathways/proteins (possibly including PI3K) that can reduce Mn uptake in the
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context of toxic Mn exposures could be valuable tools for studying future therapeutics.

Similarly, given PI3K is upstream of AKT/mTOR, it is possible that PI3K is responsible for
perpetuating an upstream signal leading to the activation of autophagy via the mTOR pathway, which
may then act to degrade Mn-laden proteins, releasing Mn into a useable pool for the cell. However, the
lack of effect on Mn uptake by rapamycin and Torin, known mTOR inhibitors, do not support this
hypothesis. If PI3K does truly exert such potent control on Mn homeostasis, it could also control
activation of the wide array of Mn-dependent and Mn-activated enzymes and thus, Mn-dependent cell
signaling. In this study, we have shown that p-p53 expression is tightly correlated to Mn status in this
cell line and that PI3K can act to modulate this ion-protein interaction (Figure 2-11). Furthermore,
PI3K’s protein-serine kinase activity is Mn-dependent while its lipid activity is inhibited by Mn 284, Indeed,
responding as a Mn “sensor”, PI3K could function to regulate not only the ATM/p53 and AKT/mTOR
pathways, but many other Mn-responsive processes within the cell, in response to intracellular Mn

levels.
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Materials and Methods

Inhibitors and antibodies

The small molecule inhibitors (KU55933, KU60019, NU7441, and LY294002) were purchased
from Tocris, reconstituted in DMSO, and stored at -80 degrees prior to experiments. The rapamycin
and Torin 2 were generous gifts from Dr. Kevin Ess. Antibodies were purchased from Cell Signaling
Technologies (p-AKT (Ser473) #4060, p-p53 (Serl5) #9286, p-S6 (Ser235/236) #2211, actin #4968S).

Cell culture

The immortalized, wild-type, murine striatal cell line (STHdh®Q7/Q7) were obtained from Coriell Cell
Repository (Cambden, NJ). STHdh®Q”Q7 immortalized murine striatal cells were cultured in Dulbecco’s
Modified Eagle Medium [D6546, Sigma-Aldrich, St. Louis MO] supplemented with 10% FBS [Atlanta
Biologicals, Flowery Branch, GA], 2 mM GlutaMAX (Life Technologies, Carlsbad, CA), Penicillin-
Streptomycin, 0.5 mg/mL G418 Sulfate (Life Technologies, Carlsbad, CA), MEM non-essential amino
acids solution (Life Technologies, Carlsbad, CA), and 14mM HEPES (Life Technologies, Carlsbad,
CA). They were incubated at 33°C and 5% CO.. Cells were passaged before reaching greater than
90% confluency. The cells were split by trypsinization using 0.05% Trypsin-EDTA solution (Life
Technologies, Carlsbad, CA) incubated for five minutes. One day prior to exposure, cells were plated

in the appropriate cell culture plate type at 8x10° cells/mL for STHdh.

Neuro2A, HEK293, ST14A, and mouse embryonic fibroblasts (MEF) were cultured in DMEM
with 4.5g/L glucose, L-glutamine, and sodium pyruvate with 10% FBS and penicillin/streptomycin. All
cells were grown at 37°C and 5% CO2. MEF cells were harvested from WT BL6-c57 mice between
E12.5-E13.5. For CFMEA experiments, 3 separate MEF lines were used.

Islet-1 striatal neuroprogenitors derived from hiPSCs

Islet-1 hiPSC-derived neuroprogenitor cells were differentiated and harvested for protein exactly
as previously described using three separate healthy control patient iPSCs 2. Protein lysates were
frozen prior to BCA protein quantification and preparation for the Simple Wes assay. Additionally, a
subset of cells was fixed with ice-cold methanol for 15 minutes at -20 °C and immunocytochemistry

was performed to ensure all cultures expressed Islet-1.
Immunoblot analysis

Protein samples were prepared by scraping cells into ice-cold PBS, centrifuging, and adding

RIPA buffer containing protease (Sigma-Aldrich, St. Louis, MO) and phosphatase inhibitor cocktails 2
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& 3 (Sigma, Sigma-Aldrich, St. Louis, MO) to the pellet. After gentle homogenization, cells were
centrifuged at 4°C for 10 minutes at 20,000 g. The resulting DNA containing pellet was removed from
the lysate, and the protein concentration was quantified using the BCA assay (Peirce Technologies)
with a BSA standard curve. Samples were mixed with 5x SDS loading buffer containing 1% 2-
mercaptoethanol and boiled for 5 minutes. 15 ug of protein was loaded for each sample onto a 4-15%
pre-cast gel SDS-PAGE gel (BioRad, Hercules, CA) and run at 90V for 120 minutes. The protein bands
were then transferred onto nitrocellulose membranes using iBlot Gel Transfer Device (Life
Technologies). The remaining gel was stained with IRDye Blue protein stain (LI-COR, Lincoln, NE).
Since the gels retained ~1/3 of the original protein after transferring with the iBlot, the stained gels were
imaged on the Li-Cor Odyssey Imaging System and the intensity of the entire lane from ~150-20 kDa
was quantified. This value was used to normalize the values of immunostained bands. The membrane
was blocked in Odyssey Blocking Buffer for one hour prior to the addition of the primary antibodies.
The primary antibodies were diluted 1:1000 in Odyssey Blocking Buffer containing 0.1% TWEEN and
incubated overnight. After washing 5 times for 5 minutes in TBST, membranes were incubated with
secondary antibodies at 1:10,000 (LiCor, Lincoln, NE) for 1 hour. Membranes were imaged using the
Li-Cor Odyssey Imaging System, and quantification was performed using Image Studio Lite (LICOR,
Lincoln, NE).

In-Cell Western Assay

Cells were plated in 96-well pClear black-walled plates (Greiner Bio-One, Frickenhausen,
Germany) at the appropriate density for the particular line. After exposing cells to toxicants, cells were
washed once in room temperature PBS (without calcium and magnesium). The cells were then fixed
with 4% paraformaldehyde in PBS for 30 minutes at room temperature, washed 5 times for in PBS with
0.1% Triton-X 100, and blocked for 1.5 hours in 150 uL of Odyssey blocking buffer. Cells were then
incubated with primary antibody at 1:400 in Odyssey blocking buffer (LiCor, Lincoln, NE) with 50 pL per
well for 2.5 hours. After washing 4 times in PBS with 0.1% Tween-20 for 5 minutes, cells were incubated
for 1 hour in the appropriate LiCor IRdye800 secondary antibody at 1:800 dilution in Odyssey blocking
buffer along with 1:500 of CellTag normalization dye (LI-COR, Lincoln, NE). An additional round of 5
washes for 5 minutes in PBS with Tween-20 was performed after which all buffer was removed. Plates
were imaged with the Li-Cor Odyssey Imaging System and intensities were calculated for each well
with Image Studio software. Cultures that were not incubated with primary antibodies served as

background. Antibody signals were normalized using the CellTag signal (a measure of total cells).
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Cellular Fura-2 Manganese Extraction Assay (CFMEA)
CFMEA was performed as described previously 82,
CellTiterBlue Cytotoxicity Assay

Mouse striatal cells (STHdh®Q7/Q7) were grown on 96-well plates. The day after replating, the cells
were exposed to toxicants in the cell-type appropriate medium. After 22 hours of exposure, 20 pL of
CellTiterBlue reagent (Promega, Madison, WI) was added to each well. Prior to this addition, cell lysis
buffer was added to several wells to provide an accurate fluorescence background for 0% viable cells.
The plates were then incubated for 2 hours at 33° C. Fluorescence was measured using excitation of

570 nm and emission of 600 nm on a microplate reader.
Protein Simple Wes Protein Expression Quantification

The Protein Simple Wes (Protein Simple, San Jose, California) was performed on day 11 Islet-
1 striatal neuroprogenitors derived from hiSPCs. The assays were performed following manufacturer’s
guidelines using the 12-230 kD kit: separation time= 25 min, voltage= 375volts, antibody diluent time=
5min, primary incubation time= 30min, and secondary antibody time= 30min. 5ul of protein lysate at
lug/uL was used per run, per sample. The p-p53 antibody was diluted 1:50 and actin was diluted 1:200
in 0.1X sample buffer provided by the manufacturer. Expression is given as relative

chemiluminescence signal area under the curve at a particular peak.
Graphing and Statistical Analysis

To allow for appropriate post-hoc statistical analysis, western blots comparing SMis vs Vehicle
were normalized to vehicle. For this data, 95% confidence interval testing (GraphPad Prism 7) analysis
was performed. Graphs comparing Mn-treated to SMI+Mn were normalized to vehicle. For this data, t-

tests were performed using Microsoft Excel. All graphs were made using GraphPad Prism 7.
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CHAPTER 3

MANGANESE DIRECTLY ACTIVATES IGFR/IR-DEPENDENT PHOSPHORYLATION OF AKT
AND GLUCOSE UPTAKE IN HUNTINGTON’S DISEASE CELLS

Adapted from: Miles R. Bryan, et al. Manganese directly activates IGFR/IR-dependent phosphorylation

of AKT and glucose uptake in Huntington’s disease cells. Molecular Neurobiology. In Press.

Abstract

Perturbations in insulin/IGF signaling and manganese (Mn) uptake and signaling have been separately
reported in Huntington’s disease (HD) models. Insulin/IGF supplementation ameliorates HD
phenotypes via upregulation of AKT, a known Mn-responsive kinase. Limited evidence both in vivo and
in purified biochemical systems suggest Mn enhances insulin/IGF receptor (IR/IGFR), an upstream
tyrosine kinase of AKT. Conversely, Mn deficiency impairs insulin release and associated glucose
tolerance in vivo. Here, we test the hypothesis that Mn-dependent AKT signaling is predominantly
mediated by direct Mn activation of the insulin/IGF receptors, and HD-related impairments in insulin/IGF
signaling are due to HD genotype-associated deficits in Mn bioavailability. We examined the combined
effects of IGF-1 and/or Mn treatments on AKT signaling in multiple HD cellular models. Mn treatment
potentiates p-IGFR/IR-dependent AKT phosphorylation under physiological (1nM) or saturating (10nM)
concentrations of IGF-1 via direct, intracellular activation of IGFR/IR. Using a multi-pharmacological
approach, we find that >70-80% of Mn-associated AKT signaling across rodent and human neuronal
cell models is specifically dependent on IR/IGFR, versus other signaling pathways upstream of AKT
activation. Mn-induced p-IGFR and p-AKT were diminished in HD cell models, and, consistent with our
hypothesis, were rescued by co-treatment of Mn and IGF-1. Lastly, Mn-induced IGF signaling is
functional as the reduced glucose uptake in HD STHdh cells was partially reversed by Mn
supplementation. Our data demonstrate that Mn supplementation increases maximal IGFR/IR-induced
p-AKT via direct effects on IGFR/IR and suggests reduced Mn bioavailability contributes to impaired

IGF signaling and glucose uptake in HD models.

Introduction
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The essentiality of manganese (Mn) is derived from its binding to and activation of several
biologically indispensable enzymes, including Mn superoxide dismutase, glutamine synthetase,
pyruvate decarboxylase, protein phosphatase 2A (PP2A), and arginase 2. In addition, Mn is a required
cofactor for a variety of kinases, and can often compete with magnesium (Mg) when at sufficiently high
concentrations to activate others, including ATM and mTOR 393, As the vast majority of kinases are
either Mn- or Mg-dependent, Mn can act as a potent cell signaling modifier. Mn can activate ERK, AKT,
MTOR, ATM, and JNK in vitro and in vivo 30:42:44-46.285-290  Ag these kinases regulate transcription factors
(CREB, p53, NF-kB, FOXO), Mn can also modulate cell function at the transcriptional level 4582291292,
Consequently, the roles of Mn homeostasis and associated signaling in both the essentiality and toxicity
of Mn are an important area of investigation. However, it remains uncertain which Mn-dependent
enzymes are most sensitive to changes in Mn homeostasis and the relationships between Mn-biology

and these signaling cascades.

In contrast, at high concentrations, Mn can be neurotoxic, and this has been associated with risk
for idiopathic parkinsonism and the Mn-induced parkinsonian-like disease known as manganism 179293
295 High environmental exposure to Mn has been associated with specific occupational settings
(welding, mining), exposure to industrial ferroalloy emissions, well water consumption in some regions,
or parenteral nutrition 83194296298 Of particular interest, Mn-induced p-AKT has been observed in a
variety of models and in Mn-exposed patient populations 42:85287.299-301 However, it is still unclear what
the role of this response is or by which upstream signaling mechanism it occurs, though Mn-induced p-
AKT is not blocked by the antioxidant Trolox 2%4. Thus, the elucidation of the primary signaling
mechanism behind Mn-responsive AKT will be informative in the context of both basal Mn homeostasis

and Mn neurotoxicity.

Insulin and IGF-1 are highly homologous growth factors which are necessary for a variety of
peripheral processes, as well as essential for synaptic maintenance and activity, neurogenesis and
neurite outgrowth, and neuronal mitochondrial function 1°53%2, |nsulin and IGF-1 bind to highly similar
cell surface receptors which initiate an autophosphorylation cascade, independent of other kinases,
which activates the insulin receptor (IR) and the IGF-1 receptor (IGFR). This causes subsequent
activation of phosphatidylinositol-3-kinase (PI3K), insulin receptor substrates (IRSs), and other
mediators activating the pro-growth AKT, mTOR, and ERK/MAPK pathways which have widespread
roles in multiple biological processes. Dysregulation of these potent neurotrophic growth factors has
been associated with neurodegenerative diseases, including HD, PD, and Alzheimer’s disease (AD)
109,111,112,115,179,182,183,185,186,201-204,212,303-306 . However, while the vast majority of kinases in the human

body are Mg and/or Mn-dependent, few studies have mechanistically elucidated how these metals
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maintain kinase signaling cascades in living biological systems or contribute to kinase-dependent
pathology of neurodegenerative diseases.

Evidence supporting a role for insulin/IGF-1 synergistic cross talk with Mn has been slowly
amassing, but is incompletely understood. Mn deficiency in rodent models reduces insulin production
and causes glucose intolerance, while Mn supplementation can protect against diet-induced diabetes
rescue glucose intolerance, and increase insulin and IGF-1 ligand levels in rodents 51,59-66:307,
Furthermore, Mn administration stimulates insulin-linked glucose transport and related
phosphodiesterase activity in adipocytes, though insulin/IGF receptor activity was not investigated 3%,
Two prior studies have examined how supra-physiological Mn (1-10mM) activates insulin receptor
activity using non-living, permeabilized rat adipocytes or purified biochemical systems and have shown
that Mn directly increases net autophosphorylation of insulin receptors by both enhancing kinase
activity and inhibiting receptor dephosphorylation 302310, Finally, a previous study reported that JB1, an
IGFR1 antagonist, can block Mn-induced IGFR-AKT-mTOR phosphorylation in the preoptic area of
prepubertal rats 287, Together, these data provide a strong premise to examine this signaling pathway
at a cellular level and suggest Mn may be a critical mediator of insulin/IGF-1 homeostasis and
downstream signaling, including AKT 51.60.64,85300,301,307.311  However, the understanding of Mn-IGF
synergy lacks mechanistic insight of the direct site-of-action of Mn on IGFR/IR-AKT signaling and
requires confirmation of this mechanism in living systems under biologically-relevant, sub-cytotoxic
concentrations of Mn (1-500uM). Furthermore, elucidation of an initial site-of-action for Mn may bridge
the mechanistic gap between non-living and in vivo systems—directly connecting the role of Mn-
induced receptor kinase activity to the changes seen in Mn-responsive metabolism in vivo, such as

glucose tolerance.

HD is an autosomal dominant, neurodegenerative disease caused by an expanded CAG repeat
within exon 1 of the Huntingtin (HTT) gene. Through a yet unknown pathogenesis, this expanded
trinucleotide causes specific cell death in the medium spiny neurons of the striatum, leading to a variety
of symptoms—most notably chorea. This disease has variable progression, but is ultimately fatal. There
is no cure for HD, but drugs can target symptoms with variable efficacy. Recent research has shown
that IGF-1 treatment in HD models results in robust amelioration of a wide-array of phenotypes via AKT
signaling-mediated mechanisms. The results of this treatment include: an increase in autophagic
function and mutant HTT (mutHTT) aggregate clearance; restoration of mitochondrial function;
regularization of energy metabolites; HTT serine 421 phosphorylation; and medium spiny neuron
health. Perhaps most importantly, IGF treatment can rescue motor abnormalities and early mortality in

HD mouse models 93.96.97.104105312 Eyrthermore, although HD is primarily a neurological disease, HD
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patients develop type 2 diabetes mellitus at a higher incidence than healthy controls and diabetic
phenotypes can be rescued via IGF-1 treatment in HD models 105:139.140.142 These data warrant further
investigation into 1) the factors which contribute to dysregulated IGF-AKT signaling in HD and 2) the

mechanism through which IGF-1 effectively treats some HD phenotypes.

Here, we assessed whether the synergistic effects of Mn+IGF occur via the ability of Mn to
directly act on IR/IGFR to elicit downstream AKT phosphorylation and determined if this mechanism is
disrupted in a disease model system (HD) associated with a Mn deficiency. Prior studies in our lab
have reported reduced Mn uptake in in vitro HD cell models and the striatum of the YAC128 HD mouse
model—indicative of a defect in Mn accumulation 262:313314 ‘\We have shown that Mn treatment rescues
deficient arginase activity in HD mice 3!° and that in HD cell lines, this reduced Mn uptake manifests as
reduced Mn-induced activation of ATM-p53 and AKT cell signaling %82, In contrast, changes in
cholesterol metabolism appear unaffected by Mn 316, Recently, we have established that Mn induced
p-AKT is dependent on PI3K, a downstream mediator of IR/IGFR, in STHdh cells 3%, As AKT signaling
mediates the restorative effects of IGF-1 administration in HD mouse models, we hypothesize here that
Mn promotes AKT signaling through an upstream IGFR-1-dependent mechanism, and that reduced Mn
uptake should manifest as impaired Mn— IR/IGFR— PI3K— AKT signaling and contribute to well-
established IGF-related deficits in HD. This study aimed to 1) define the synergistic co-regulation
between Mn and IGF on AKT signaling in various cellular models, 2) determine the initial, mechanistic
target of Mn, which allows for downstream AKT activation, 3) elucidate the effects of Mn+IGF co-
treatment on impaired IGFR/IR-AKT signaling in HD cells, and 4) investigate the effects of Mn on
glucose uptake, a downstream process of AKT signaling which is perturbed in HD patients and mouse
models. These findings provide proof-of-principle evidence that Mn supplementation could improve

efficacy of IGF-centric therapies in HD.

Results

Mn and IGF exhibit synergistic regulation of p-AKT expression which is diminished in HD cells

Previous studies suggest that Mn acts as an insulin mimetic, and also increases the kinase
activity at the insulin receptor itself;, however, these findings were primarily established using
recombinant enzymes or permeabilized cellular models 3°°31° Furthermore, Mn has been shown to
activate insulin/IGF-responsive kinases and signaling pathways, including AKT. Given these
observations, we hypothesized that Mn potentiates IGF-induced p-AKT expression in neuronal cells.
We examined p-AKT (Ser*’3) expression after 1hr serum deprivation in HBSS, followed by 3hr
treatment with Mn/IGF in HBSS. For these experiments, we treated STHdh cells with 1nM IGF, which
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has been reported to be near physiological concentration 317. Normal human brain Mn concentrations
are estimated to be ~20-55uM 38, Mn begins to induce in vitro cytotoxicity after 24hr, 100-200uM Mn
exposures, depending on cell type 882, Across short exposures (3hrs), we did not observe any
decrease in cell viability following 500uM Mn in any cell type (data not shown). Thus, for our
experiments, we utilize sub-cytotoxic 50-500uM Mn exposures based on cell type and exposure
duration. Mn/IGF co-exposure induced a nearly 30-fold increase in p-AKT, ~15 times higher than
500uM Mn alone, and ~3 times higher than IGF alone (Fig 3-1A). This confirms a synergistic regulation
of AKT signaling by Mn and IGF in living cells. Furthermore, treatment with Mn alone resulted in an
insignificant increase in p-AKT, suggesting that Mn-induced p-AKT is dependent on the presence of an
upstream ligand, such as IGF or insulin. To examine this further, we treated WT Q7/Q7 STHdh cells
with 50 or 500uM Mn in normal serum-containing media or in serum-free HBSS following 1hr serum
deprivation. Consistent with previous results, 3hr treatment with Mn (50 or 500uM) did not cause a
significant increase in p-AKT in serum-free HBSS (though 500uM trended towards increase p-AKT in
HBSS), but did significantly increase p-AKT in serum-containing media at both concentrations. This
suggested that a potential interaction with a serum component, such as insulin or IGF, is essential for
Mn-induced p-AKT (Fig 3-1B).

The STHdh Q111/Q111 HD cell model exhibits both a basal Mn uptake deficit as well as a
reduced net Mn accumulation after an exogenous exposure, making it an ideal model to study Mn-
induced IGF signaling and the consequences of perturbations to this system 882 Thus, we
hypothesized that this cell model would also exhibit reduced Mn/IGF-induced p-AKT expression. This
would be consistent with other studies demonstrating defects in AKT signaling in HD 92.93.95,96,319,
Indeed, the Q111 HD cell model exhibited reduced Mn/IGF-induced p-AKT expression following a 3hr
Mn exposure in serum-free media (Fig 3-1C). However, treatment with IGF+500uM Mn in the Q111
HD cells restored p-AKT expression to levels seen with IGF+200uM Mn in the Q7 WT model. Total
AKT levels were unchanged by Mn after 3hrs in media or HBSS (Fig 3-2A). This confirms reduced Mn-
induced p-AKT in this HD cell model, and demonstrates that the Mn-uptake defect can be attenuated

via higher doses of Mn treatment, compensating for the uptake deficit.

We reasoned that if Mn acts as an insulin/IGF “mimetic” by increasing ligand concentration or
ligand-receptor occupancy, Mn should be unable to further activate p-AKT in the presence of saturating

concentrations of insulin/IGF. We determined that the saturating concentration of IGF-1 in
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Figure 3-2: IGF-1 saturation
curves and expression of pan
AKT, S6, IGFR in STHdh and
PC12 cells. A) Representative
blot and quantification of p-AKT
following 24hr exposure with .1-
25nM IGF-1 in STHDh Q7/Q7
and Q111/Q111. B)
Representative western blot of p-
AKT, pan AKT, p-S6, and pan S6
in non-HTT induced PC12 cells
following 24hr exposures with Mn
(100uM), IGF (10nM), BMS-
536924 (1uM), LY294002 (7uM).
C) Representative western blot
and quantification of p-AKT
(Thr308) following 24hr exposure
with Mn (50uM), IGF (10nM), and
BMS-536924 (1uM) in STHdh
Q7/Q7. D) Representative
western blot of pan IGFR and
pan AKT and quantification of
pan AKT in STHdh cells following
24hr exposure with Mn (50uM),
IGF (10nM), and BMS-536924
(1uM). E) Representative
western blot and quantification of
pan IGFR and pan AKT in STHdh
Q7/Q7 cells after 3hr, 50,500uM
Mn exposure in Media or HBSS.



serum-containing media for p-AKT after 24hrs is approximately 10nM (Fig 3-2B). Co-treatment with
10 nM IGF-1 and 50 uM Mn for 24hrs in normal (serum-containing) media resulted in supra-additive p-
AKT responses (>2fold compared to IGF or Mn alone) in STHdh and p-AKT and p-S6 in uninduced,
differentiated PC12 cells mirroring the effects seen in the 3hr exposures above (Fig 3-1D-F, Fig 3-2C).
P-p53, another Mn-responsive pathway in these cells, was indistinguishable between Mn and Mn+IGF
exposed conditions, demonstrating that this is not a broad effect across all Mn-responsive pathways
(data not shown). As expected, Mn-induced p-AKT was blunted in HD cells following 24hr exposure.
Furthermore, Mn/IGF co-treatment significantly increased p-AKT activation compared to the effects of
Mn or IGF alone in the Q111 HD cells (Fig 3-1D), similar to Fig 3-1C. Total AKT levels (Pan-AKT) were
not significantly different in any of the conditions and p-AKT (Thr3%€) showed a highly similar trend to
Ser4’3; thus, going forward, we only quantified p-AKT (Ser*’®) (Fig 3-2D). Together, these data suggest
that Mn synergistically increases the maximal activity of the AKT pathway, even under saturating

concentrations of ligand, but expression of mutHTT dampens this effect.
Phosphorylation of AKT is specific to Mn and not shared by other cation exposures

We hypothesized that Mn-induced p-AKT is a consequence of a Mn-responsive kinase upstream
of AKT rather than a broad effect of heavy metal exposure, such as reactive oxygen species (ROS)
accumulation. In other words, if Mn is acting as a cofactor for an upstream kinase, then its activity on
downstream proteins should be unique to Mn vs other metal cations not capable of serving as kinase
cofactors. Thus, we determined 1) whether other metal cations are capable of increasing p-AKT
similarly to Mn and 2) if HD genotype cells exhibit reduced p-AKT in response to other metal cations.
We tested a battery of cations (Fe, Cu, Mg, Zn, Cd, Ni, and Co) and examined p-AKT expression after
24hrs. For these experiments, we used concentrations which are near the toxic threshold in these cells
after 24hr exposures as shown in our previous work 8! and found that Mn was the only cation which
elicited a significant p-AKT response, and thus, the only metal which exhibited an HD phenotype. Cu
trended towards an increase in p-AKT but this was not significant (Fig 3-3A-C). As Mn and Mg often
act as cofactors with the same enzymes, we supplemented the media for these cells with an additional
50uM Mg or Mn (though DMEM contains high physiological concentrations of Mg) increasing the
available combined pool of Mg/Mn, and did not observe Mg-induced p-AKT (Fig 3-3C). This supports
the hypothesis where the role of Mn to increase p-AKT expression is metal ion-specific, and
furthermore, that Mn is able to do this under saturating concentrations of Mg (a known, competing

cofactor for many kinases).
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Reduced Mn-induced p-AKT in HD cells persists under prolonged physiologically-relevant Mn

exposures

While we observed reduced Mn-induced p-AKT in HD cells after high dose, acute Mn exposure,
we wanted to assess whether this phenotype would persist under lower dose, subacute, week-long
exposures. Thus, we treated STHdh cells for 1 week with 1, 5, or 10 uM Mn. In Q7/Q7 cells, Mn-
induced p-AKT was observed after a 7-day exposure, with 5 and 10 uM eliciting the highest effect (Fig
3-4D, E). Phosphorylation of AKT was almost completely unresponsive in Q111/Q111 HD cells to low-
dose Mn exposure, confirming that the HD genotype perturbation persisted under these subacute
treatments. Additionally, this suggests Mn-induced p-AKT occurs with changes in Mn homeostasis well

below the toxic threshold.
Normalization of net Mn uptake ameliorates Mn-induced p-AKT defect in HD cells

The Q111/Q111 HD STHdh cells exhibit reduced Mn-induced p-AKT across several treatment
paradigms (Fig 3-1C,D, 3-3D,E). If reduced Mn-induced p-AKT in HD cells is dependent on intracellular
Mn levels, normalization of intracellular Mn uptake in the HD cells to match WT levels would be
predicted to ameliorate Mn-induced p-AKT differences between the genotypes. KB-R7943 is a drug
which inhibits the sodium-calcium uniporter (NCX1/3) and normalizes Mn uptake in these HD cells by
an unknown mechanism. This drug was previously used to normalize Mn uptake and Mn-induced p-
p53, concurrently. When HD cells were exposed to KB-R7943 and 50 uM Mn, Mn-induced p-AKT was
restored to levels observed in WT cells treated with Mn alone (Fig 3-3F, G). This suggests reduced
Mn-induced cell signaling levels are driven by the decreased intracellular Mn in this model. Although
the mechanism by which KB-R7943 restores Mn uptake is unknown, these data also demonstrate that
the drug can increase the bioavailable pool of Mn, as opposed to merely sequestering Mn in

metabolically inaccessible regions of the cell.
Expression of mutHTT is sufficient to reduce Mn-induced p-AKT in differentiated PC12 cells

Next, we sought to confirm if other HD model cells lines exhibit reduced Mn-induced p-AKT.
First, we utilized differentiated PC12 cells which express WT HTT but are capable of additional
ponasterone A-induced HTT expression (23, 74, 145 CAG or CAA). These cells were differentiated into
a neuronal phenotype by treatment with nerve growth factor (NGF) over the course of a week and
expressed tyrosine hydroxylase, indicating a catecholaminergic population (data not shown). After 7
days of differentiation with NGF and mutHTT induction with ponasterone A, 145 CAG-expressing PC12

cells exhibited reduced Mn-induced p-AKT compared to uninduced counterparts
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Figure 3-4: Assessing the effects of WT and mutant HTT in Mn-induced p-AKT. A) Representative
western blot of PC12 cells in differentiated and 145Q HTT-induced PC12 cells following 24hr exposure with
100uM Mn and/or IGF (10nM) B) Quantification of p-AKT expression. 145Q induced HTT cells (red) are
compared to uninduced counterparts (blue). Image of WT HTT (bottom arrow) and 145Q HTT (top arrow)
expression using mAb 2166 inset within graph. C, D) p-AKT expression in 23CAG and 74CAG expressing
PC12 cells (paired with 140CAG cells in A, B). Two-way ANOVA stats listed next to each. E-G) p-S6
expression in 23, 74, and 140Q expressing PC12- cells. blue= non-induced, red= induced. N=3; Error bars=
SEM, *= significance genotype difference by student’s t-test. *P<.05, **P<.01, ***P<.001.
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(Fig 3-4A,B). Induction of 74CAG mutHTT resulted in a modest, but insignificant, reduction in Mn-
induced p-AKT, and, as expected, induction of 23 CAG HTT had no effect, suggesting this is a CAG-
repeat dependent defect (Fig 3-4C, D). Pan AKT and pan S6 were unaffected in all conditions, similar
to STHdh cells (Fig 3-4A, Fig 3-1C). Mn induced p-S6 was unaffected by mutHTT expression (Fig 3-
4E-F). Together, these data demonstrate impairments in Mn homeostasis and signaling are present in
a variety of HD cell lines and occur within days of mutHTT expression.

Mn potentiates IGF-induced p-IR/IGFR expression which is blunted in HD cells

We established a specific, synergistic effect on p-AKT signaling by Mn/IGF co-treatment which
was diminished in several HD cell lines. We sought to elucidate the mechanistic target of Mn which
allows for the synergistic effect on p-AKT. This target is likely responsible for driving the reduced Mn-
induced p-AKT in HD models. As Mn is a known cofactor for a variety of kinases, we hypothesized that
Mn may be directly interacting with IR/IGFR. To our knowledge, phospho-specific antibodies do not
exist which distinguish between p-IR or p-IGFR, as they are phosphorylated at highly similar residues
820,321 Thus, to examine this, we co-treated Q7 WT and Q111 HD STHdh cells with Mn/IGF for 3hrs
following a 1hr serum deprivation and assessed p-IR/IGFR levels. We found that Mn potentiated IGF-
induced IR/IGFR phosphorylation. Further, Mn-induced p-IR/IGFR levels were blunted in HD cells but
co-treatment with IGF+500uM in HD cells elicited similar p-IR/IGFR expression as IGF+200uM Mn in
WT cells (Fig 3-5A,B). These observations mirror the effects of Mn on p-AKT expression in Fig 3-1C.
Altogether, these data support a role for Mn directly increasing IR/IGFR activity, thereby activating

downstream signaling including AKT.
Mn reduces total IGFR protein expression and IGFR mRNA expression

Our data suggest that Mn can increase maximal IGF-induced p-AKT activity. Thus, we wanted
to assess whether this leads to negative feedback on total IGFR expression. We hypothesized that Mn
(in conjunction with IGF) exposure reduces total IGFR expression after 24hrs to reduce overall activity
of the AKT pathway. Indeed, 50uM Mn treatment, similarly to IGF treatment, decreased total IGFR
expression by ~50%—perhaps acting through a negative feedback mechanism to prevent
overactivation of the pathway (Fig 3-5C,D). Unlike IGFR, Mn did not reduce total IR expression in WT
or HD cells, but IGF treatment alone decreased total IR expression specifically in HD cells (Fig 3-5E,F).
Mn exposure for only 3hrs in media or HBSS left total IGFR unchanged (Fig 3-2A).

To determine whether the Mn-induced reduction in total IR/IGFR expression is mediated, at least

in part, by a transcriptional mechanism, we assessed the effects of Mn on IR/IGFR mRNA
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Figure 3-5: Mn increases
phosphorylation of IR/IGFR and
decreases total protein and mRNA
expression. A,B) Representative
western blot and quantification of p-
IGFR expression in STHdh cells
following 1hr serum deprivation and 3hr
Mn (200/500uM) + IGF(1nM)
exposures. Note representative blot is
the same samples/run as Figure 1C.
Two-way ANOVA; treatment=
F(2,6)=5.461; p=<0.0446; genotype=
F(1,3)= 30.98; p=0.0114; treatment-
genotype interaction= F(2,6)= 3.275;
p=0.1093. N=4. C,D) Representative
western blot and quantification of pan
IGFR protein expression in STHdh cells
following 24hr exposure with Mn
(50uM) and/or IGF (10nM). Dotted line=
respective vehicle (=1). Two-way
ANOVA for IGFR; treatment=
F(3,9)=16.71; p=<0.0005. N=4. E,F)
Representative western blot and
quantification of pan IR protein
expression in STHdh cells following
24hr exposure with Mn (50uM) and/or
IGF (10nM). Dotted line= Vehicle (=1).
Two-way ANOVA for IR; treatment=
F(3,6)=20.59; p=0.0015. N=3. G-I)
MRNA expression of IGFR (G), IR (H),
and IRS2 (1) after 24hr Mn (50uM)
and/or IGF (10nM) exposure. Two-way
ANOVA treatment for IGFR:
F(3,6)=85.01; p=<0.0001. For IR:
F(3,6)=7.204; p=<0.0205. For IRS2:
F(1,3)=213.8; p=<0.0007.Error bars=
SEM; N=4 for panels A-D, G-I; N=3 for
E,F. P<.05, *P<.01, **P<.001. *=
significant by Tukey’s (B) or Dunnet'’s
(D, F, G, H, I) multiple comparison
tests. Work done with the assistance
of Audra Foshage.



expression. We found that 24hr Mn (or Mn+IGF) treatment reduced IGFR mRNA expression and
Mn+IGF co-treatment modestly reduced expression of IR mMRNA expression in both genotypes,
suggesting that Mn may have a more specific effect on IGFR signaling than that of IR (Fig 3-5G,H). Mn
specifically reduced IR mRNA expression in HD cells only. The HD genotype did not affect basal IGFR
or IR mRNA expression. Additionally, we assessed mMRNA expression of IRS2, a downstream partner
in insulin/IGF signaling. IRS2 mRNA was greatly reduced in HD cells and Mn exposure reduced IRS2
MRNA in Q7 cells only (Fig 3-5I). Together these data demonstrate that Mn also modulates total

IR/IGFR protein expression via transcriptional downregulation.
Mn-induced p-AKT is completely abrogated by pharmacological IR/IGFR inhibition

After observing that Mn and IGF exert synergistic effects on p-AKT and p-IR/IGFR, we
hypothesized that IGF and Mn may be cooperatively activating on the same upstream kinase to
increase AKT phosphorylation. Previously, we found that Mn-induced p-AKT is dependent on PI3K in
these cells, as LY294002, a PI3K inhibitor, can completely abrogate Mn-induced p-AKT 3%, This
narrows down the possible targets to upstream activators of PI3K including IR/IGFR. Given these data
and the prior evidence of a role for IR/IGFR signaling, we hypothesized some or all of Mn-induced p-
AKT is IR/IGFR-dependent. IR/IGFR are essential to neuronal differentiation, development, and
homeostasis which complicates the generation and use of knockout cell lines, and less-than-complete
efficiency of siRNAs would allow for remaining receptors to compensate 19392, Thus, we turned to
pharmacological modulation of IR/IGFR. While small molecules allow dosing to achieve near-complete
inhibition, they are prone to off-target effects. Thus, to increase the rigor of our findings we employed
a battery of four ATP-competitive IR/IGFR inhibitors (BMS-536924, BMS-754807, Linsitinib (OSI-906),
and NVP-AEW541) so that multiple inhibitors could be used across each cell line. Additionally, these
inhibitors have different known off-target proteins (Fig 3-6A), so any shared effects by the inhibitors are
likely via IR/IGFR only 322325,

Using these various inhibitors across STHdh and PC12 cells, we found 1) Mn-induced p-AKT
was inhibited in STHdh cells with 100nM BMS-536924 (Fig 3-6B, C), 0.1-1uM Linsitinib (Fig 3-6D,E),
or 0.1-1uM NVP-AEW541 (Fig 3-6D,F) and 2) Mn-induced p-AKT and p-S6 was blocked with 100nM
BMS-536924 in PC12 cells (Fig 3-6G-H,Fig 3-2C). In PC12 cells, >100% of Mn-induced p-AKT (below
vehicle levels) and 59% of Mn-induced p-S6 was inhibited using 100nM BMS-536924 (near the
estimated IC50 concentration) (Fig 3-6G-H, Fig 3-7B). BMS-536924 inhibited 46% of Mn-
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Figure 3-6: IR/IGFR inhibitors
block Mn-induced p-AKT. A)
List of IR/IGFR inhibitor names,
IC50s for IR/IGFR, off-targets,
and concentrations used here. B)
Representative western blot of
pAKT expression STHdh Q7/Q7
and Q111/Q111 after 24hr
treatment with Mn (50uM), IGF
(10nM), and/or BMS-536924
(100nM).C) Quantification of
Mn/IGF induced p-AKT
expression with BMS536924
(100nM). Two-way ANOVA for
BMS5 treatment; F(1.610,
4.831)=20.03; p=.0039. N=4. D)
Representative western blot of p-
AKT expression in STHdh Q7/Q7
and Q111/Q111 after 24hr
treatment with Mn (50uM),
Linsitinib (100nM/1pM), NVP-
AEWS541-AEW541 (100nM/1uM)
and Mn+IGF(10nM). E, F)
Quantification of Mn/IGF-induced
p-AKT expression with Linsitinib
(E) or NVP-AEW541 (F) Two-way
ANOVA for Linsitinib treatment;
F(4,8)=8.414; p=.0182; Two-way
ANOVA for NVP treatment;
F(4,8)=10.68; p=.0027. N=3-4. G,
H) Quantification of p-AKT (G)
and p-S6 (H) expression in
uninduced PC12 cells treated
with 100uM Mn or Mn (100uM) +
BMS536924 (100nM) after 24hr
exposures. Representative blot
Supp Fig 1C. *= significance by
student’s t-test. For these PC12
experiments, uninduced samples
from the 23Q, 74Q, and 140Q
(total N=5) were used. Note
representative blot Fig 3-2. Error
bars= SEM. Dotted line= Vehicle
(=1). *P<.05, *P<.01, *P<.001.
Work done with the assistance
of Kristen Nordham.
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Figure 3-7: Quantification of degree of Mn-induced p-AKT, p-IGFR, and p-S6
inhibition using IGFR/IR inhibitors in WT STHdh (A), non-neuronal cells (B), and
hiPSC-derived striatal-like neuroprogenitors (C)- quantified from data in Figures 3-6, 3—
8, 3-13 respectively. The name, concentration, and IC50 of inhibitors used is listed
followed by the inhibited % of Mn-induced p-AKT, p-IGFR, and p-S6 expression after
inhibitor treatment (MeanzStdev). For B,C an inhibition correlation score is also
calculated (%pAKT or p-S6 inhibition)/(%pIGFR/IR inhibition).
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induced p-AKT at this approximate IC50 in SThdh cells (Fig 3-6B, C, Fig 3-7A). 100nM linsitinib
(approximately the 1C50 for IR, 3X IC50 for IGFR) inhibited 71% of Mn-induced p-AKT (Fig 3-6D, E,
Fig 3-7A). 100nM NVP-AEW541 (approximately 65-70% the IC50 for IR and IGFR) inhibited 54% of
Mn-induced p-AKT (Fig 3-6D, F, Fig 3-7A). At 1uM (10-fold higher), Linsitinib and NVP-AEW541
inhibited 81% and 65% of Mn-induced p-AKT. Additionally, Linsitinib, the most specific of the inhibitors,
was able to inhibit 60% of Mn+IGF induced p-AKT in STHdh cells at 100nM (Fig 3-6D, E, Fig 3-7A).
We confirmed that these inhibitors blocked IGF-induced p-IR/IGFR in the STHdh cells (data not
shown). The high degree of dose-dependent inhibition by multiple IGFR inhibitors suggests that the
vast majority of Mn-induced IGFR/AKT signaling is IR/IGFR-dependent. IR/IGFR exhibit
autophosphorylation upon binding to insulin/IGF (and necessary co-factors) and do not require the
kinase activity of other upstream kinases for activation. With this in mind, this data in addition to our
observed Mn-induced p-IGFR/IR (Fig 3-5A,B) also suggest Mn is directly activating IR/IGFR (or
affecting extracellular insulin/IGF production or binding) as opposed to another kinase upstream of
these tyrosine kinases receptors.

Non-neuronal cell types also exhibit IR/IGFR-dependent, Mn-induced p-IGFR/p-AKT

We hypothesized Mn-induced p-AKT was not specific to NPCs and would be present in other
cell types. To investigate this, we exposed isolated primary rat astrocytes to 500uM Mn, 1nM IGF, or
both for 3hrs following a 1hr serum deprivation. As in neuroprogenitors, addition of Mn+IGF increased
p-AKT significantly more than either Mn or IGF alone (Fig 3-8A, B). Additionally, we tested whether
Mn-potentiated p-IGFR/p-AKT occurred in other non-neuronal, peripheral cell types— immortalized 3T3
fibroblasts and HEK293 kidney cells. Similar to what we observed in STHdh cells, a 3hr 500uM Mn
exposure did not activate p-IGFR, p-AKT, or p-S6 in the absence of IGF-1 in these cells (Fig 3-8C-E,
Fig 3-9). This confirms that Mn-induced IGFR/AKT signaling requires the presence of ligand (IGF-1 or
insulin) across a variety of cell types. In NIH3T3 and HEK293 fibroblasts, Mn+IGF increased p-AKT
and p-IGFR expression more than IGF or Mn alone after 1hr serum deprivation (Fig 3-8C, E, Fig 3-9).
This corroborates the finding that the synergistic effects between Mn and IGF are not restricted to
neuronal cells. Additionally, Linsitinib (1uM) completely inhibited p-IGFR/IR (>98%) in 3T3 cells and the
vast majority of Mn+IGF-induced p-AKT (=80%) could also be blocked by Linsitinib or LY294002 (PI3K
inhibitor). In HEK293 cells, the vast majority of p-IGFR (298%) was inhibited with Linsitinib, but only
40% of Mn-induced p-AKT was blocked, suggesting Mn-induced p-AKT is less dependent on IGFR/IR
in HEK293 cells than in 3T3 cells. (Fig 3-8F,H, 3-7B). Furthermore, by comparing the degree of p-
IGFR/IR inhibition to p-AKT inhibition by Linsitinib, we can estimate the
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Figure 3-8: Mn increases p-AKT and p-IGFR expression in the presence of IGF-1 in astrocytes and non-neuronal
cell lines. A, B) Representative western blot and quantification of p-AKT in astrocytes after 1hr serum deprivation
followed by 3hr exposure with Mn (500uM), IGF (1nM), or both. One-way ANOVA, treatment= F(1.167, 3.501)=24.37;
p=<0.0104. N=4. Error= SEM. C-E) Quantifications of western blots of 3T3 and HEK293 p-AKT (C) p-S6 (D), p-IGFR (E)
expression after 1hr serum deprivation followed by 3hr exposure in HBSS with Mn (100uM), IGF (1nM), or both. F-H)
Quantifications of western blots of 3T3 and HEK293 p-AKT (F), p-S6 (G), p-IGFR (H) expression after 1hr serum
deprivation followed by 3hr exposure in HBSS with Mn (100uM) + IGF (1nM) with LY294002 (7uM), and/or Linsitinib
(1uM). Representative blot in Figure 3-9. N=3; Error bars= SEM; Dotted line= IGF alone (=1). One-way ANOVA for p-
IGFR; HEK: F(1.284, 2.568)= 38.12; p=.0129; 3T3: F(1.221, 2.442)=99.63; p=.0048. One-way ANOVA for p-AKT; HEK:
F(4,8)= 9.391; p=.0041; 3T3: F(4,8)=8.544; p=.0055. One-way ANOVA for p-S6; HEK: F(1.274, 2.548)= 5.081; p=.1270;
3T3: F(1.014, 2.028)=3.123; p=.2180 *= significance by Dunnet’'s multiple comparison test.*P<.05, **P<.01, ***P<.001.
Work done with the assistance of Filipe Gonclaves.
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Representative western blot of p-IGFR, p-
AKT, and p-S6 for 3T3 and HEK293 cells
following 3hr exposure with Mn (100uM),
IGF-1 (1nM), LY294002 (7uM), and linsitinib
(1uM) in HBSS (after 3hr serum deprivation).
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percentage of Mn-induced p-AKT which is dependent on p-IGFR/IR [(% of p-AKT inhibition) / (% of p-
IGFR/IR inhibition)]. Using this calculation, we estimate that 99% of Mn-induced p-AKT in 3T3 cells and
41% in HEK293 cells is dependent on p-IGFR (Fig 3-7B). This confirms that Mn-induced p-AKT is
IR/IGFR-dependent in these non-neuronal cell types as well, particularly 3T3 cells. P-S6 also trended
with p-AKT across conditions in 3T3 cells, but due to the variability in Mn+IGF treatment, this trend was
not significant (Fig 3-8D,G). Additionally, we found that there was only a 62% correlation between p-
S6:p-IGFR/IR inhibition in 3T3 cells and 19% correlation in HEK293 cells, suggesting Mn-induced p-
S6 is much less dependent on IGFR/IR than p-AKT (Fig 3-7B). These data provide strong evidence

that Mn-induced p-IGFR and p-AKT are not restricted to specific neuronal lineages.

Mn-induced IGF signaling is dampened in human induced pluripotent stem cells (hiPSC)-

derived striatal neuroprogenitors and is blocked by IGFR inhibition

We wanted test whether the HD-dependent IGF signaling defect observed in cell line models of
HD would also be seen in a non-transformed human neuronal model. We chose to utilize the hiPSC-
derived Islet-1-expressing striatal neuroprogenitor cells (NPCs) which are derived via a protocol
designed in our lab 8. After a 24hr exposure, Mn-induced p-AKT in Islet-1+ hiPSC-derived striatal-like
NPCs from HD patients was not significantly different than control cells; also, p-IGFR and p-S6 (often
used as a readout for mTOR activity) were both induced by Mn, but neither was differentially affected
in HD cells (data not shown). However, in striatal NPCs, we observed that under these conditions,
IGF-1 was unable to activate p-AKT, likely because their normal NPC media conditions contain
saturating insulin (Fig 3-10). Thus, this standard striatal NPC media conditions are not a biologically-
relevant setting to study IGF signaling or disease-relevant IGF/AKT-centric phenotypes. However, the
data do suggest that Mn can upregulate maximal AKT phosphorylation even under insulin-saturating

concentrations.

To circumvent this issue of saturating insulin in the media, we found that growth factor/insulin
deprivation prior to exposure allowed detection of p-IGFR in these NPCs and decreased variability in
downstream p-AKT/p-S6 signaling. Thus, we used a 3hr growth factor deprivation followed by 3hr
exposure with Mn and/or IGF, and then assessed p-AKT, p-S6, and p-IGFR expression. Cells were
treated under insulin/IGF-deprived conditions (though there are likely trace amounts of insulin/IGF left
behind or produced by the cells themselves) and in the presence of 1 nM IGF. IGF, as expected,
stimulated p-IGFR and p-AKT expression, though there were no apparent differences in magnitude
between control and HD patient cells. Surprisingly, IGF did not significantly increase p-S6 expression
in control or HD cells (Fig 3-11C).
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Figure 3-10: IGF-1 cannot stimulate pAKT expression in hiPSC-derived neuroprogenitors after
24hr exposure in conventional growth-factor (N2) containing media. A) Representative western
blot of p-AKT and p-S6 treated with Mn (200uM), IGF (10nM), and/or BMS-536924 (100nM) under
normal +N2 containing (insulin saturating) media in two control and one HD patient-iPSC-derived
neuroprogenitors following 24hr treatment. B, C) Quantification of p-AKT (B) and p-S6 (C). Error bars=
SEM; N=4 control; N=3 HD. D) from Fig 7.
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Figure 3-11: Mn-induced p-AKT, IGFR is reduced in HD hiPSC-derived neuroprogenitors. A-C) Western blot
quantification of hiPSC-derived neuroprogenitors from three control patients and three HD patients (CAG repeat 58,
66, 70) for p-AKT (A), p-IGFR (B), and p-S6 (C), following treatment 3hr treatment with Mn (200/500uM) or Mn+IGF
(2nM) in growth factor/insulin free media, after 3hr serum deprivation. N=8-12 for control from three separate
patients, N=7-9 for HD including three separate patients; Error bars= SEM. All data normalized to respective control
or HD treated IGF-1 alone. Representative blot in Figure 3-12. D) One-way ANOVA statistics *= significance from
vehicle by Dunnet’s multiple comparison test. *P<.05, **P<.01, ***P<.001.
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Figure 3-12: Representative western blots for hiPSC-derived neuroprogenitors. A, B) Representative
western blot of of hiPSC-derived neuroprogenitors from a control patient (CC3, A) and an HD patient (HD58, B)
for p-IGFR, p-AKT, p-S6 following 3hr treatment with Mn (200/500uM) or Mn+IGF (1nM) and BMS-536924
(100nM, 1uM) BMS-754807 (2nm) in serum free media, after 3hr serum withdrawal. C) Representative western
blot for pan IGFR, pan AKT, and pan S6. Same blot as Panel A. D-F) Quantification of pan IGFR (D), pan AKT
(E), and pan S6 (F). Left set of conditions (veh, 200, 500, BMS754807+500) is with no IGF, right side is with
1nM IGF.-N=4:; 2 control patients from 2 separate differentiations.
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A 200-500uM Mn treatment for 3hrs increased p-AKT and 500uM treatment increased p-IGFR
and p-S6 in control cells (Fig 3-11A-C, 3-12). p-AKT and p-IGFR responses to Mn were greater in
conditions with IGF, suggesting a synergistic relationship similar to the one observed in STHdh cells
(Fig 3-11A,B, 3-12). Mn was able to significantly increase p-IGFR, p-AKT, and p-S6 in the absence of
added IGF (Fig 3-11A-C, 3-12). This may be a result of trace IGF left behind in the media or generation
of IGF by the cells themselves. In HD cells, Mn induced p-AKT was only significant after 500uM Mn
treatment, and neither p-IGFR or p-S6 were significantly impacted (Fig 3-11A, B, 3-12). Mn-induced p-
S6 is completely diminished without the addition of IGF-1 to HD cells (Fig 3-11C, 3-12). We found that
total levels of IGFR, AKT, and S6 did not change with Mn or IGF exposures, and thus we only quantified
p-IGFR, p-AKT, and p-S6 (Fig 3-12C-F). These results confirm that Mn-induced IGF signaling is
diminished in HD patient-derived striatal-like NPCs.

We then assessed whether BMS-536924 and/or BMS-754807 could block Mn-induced IGF
signaling in these cells, to validate that IR/IGFR signaling was required for the effects on p-IGFR, p-
AKT and/or p-S6 effects. Similar to other cells tested, with some trending exceptions, both inhibitors
blocked a portion of Mn-induced p-IGFR, p-AKT, and p-S6 in both control (Fig 3-13A,B) and HD (Fig
3-13C,D) cells at ~IC50 concentrations (100nM for BMS-536924 and 2nM for BMS-754807). 100nM
BMS-536924 inhibited 48% of Mn-induced p-AKT, but at higher concentrations (1puM) could inhibit Mn-
induced p-AKT even further, achieving >71% inhibition (Fig 3-13A). BMS-754807 inhibited 57% of Mn-
induced p-AKT at its ~IC50 concentration (100nM) (Fig 3-13B). We estimate 268% of Mn-induced p-
AKT is dependent on p-IGFR/IR across both inhibitors (74-80% with BMS-536924, 68% with BMS-
754807) in Mn+IGF treated control cells. These inhibitors were less effective at inhibiting Mn-induced
p-S6, similar to 3T3 and HEK293 cells (Fig 3-7C). These two inhibitors also inhibited basal p-IGFR, p-
AKT, and p-S6 (Fig 3-14C,D). Together, these results suggest that, similar to STHdh and PC12 cells,
in human derived NPCs: 1) Mn-induced IGF signaling is dampened in HD cells, and 2) Mn-induced p-
AKT is dependent on IR/IGFR.

IGFR inhibition does not impinge on EGF-induced p-AKT/S6

We were surprised that Mn-induced p-AKT was almost entirely blocked by IGFR inhibition as
AKT signaling can be induced via a variety of mechanisms, including cytokines, integrins, GPCRs, and
several distinct families of receptor tyrosine kinases (RTKSs) including IGFR/IR 325, As even the most
specific of inhibitors have off-target effects, we wanted to ensure our IGFR inhibitors weren’t broadly

inhibiting other RTKs. Epidermal growth factor (EGF) receptors are highly similar to IGF
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Figure 3-13: Mn-induced p-AKT, IGFR is blocked by IR/IGFR inhibition in HD hiPSC-derived
neuroprogenitors. Western blot quantification of control and HD patient iPSC-derived neuroprogenitors
following treatment 3hr treatment with Mn (500pM) or Mn+IGF (1nM) in growth factor/insulin-free media,
after 3hr N2 supplement (insulin/growth factor) withdrawal. A-D) Quantification of p-IGFR, p-AKT, and p-
S6 in control (Blue, A,B) or HD (Red, C,D) after treatment with BMS-536924 (100nM/1uM; A,C) or BMS-
754807 (2nM; B,D). All data is represented as fold change compared to Mn alone or Mn+IGF (both
normalized=1). Samples were from the exact same patient cell lines and differentiations as Figure 7.
N=4-6 per condition across three control and three HD patients. Representative blot in Fig 3-12. #=
significant difference to Veh (dotted line=1 for -IGF conditions) or IGF alone (dotted line=1 for +IGF
conditions) by 95% CI.
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Figure 3-14: Western blot quantification for hiPSC-derived neuroprogenitors. A, B) Quantification
of p-IGFR, p-AKT, and p-S6 in control (A) or HD (B) hiPSC-derived neuroprogenitors after no treatment
(trace IGF) or stimulation with IGF-1 alone (1nM) for 3hrs, following 3hr serum deprivation. C, D)
Quantification of p-IGFR, p-AKT, and p-S6 in control (C) or HD (D) hiPSC-derived neuroprogenitors after
treatment with BMS-536924 (100nM, 1uM) or BMS-754807 (2nM) alone for 3hrs, following 3hr serum
deprivation in either trace IGF or 1nM IGF only containing conditions (no Mn).
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Figure 3-15: EGF-induced p-AKT/S6 are not blocked by IGFR inhibition. A) Representative western blot
for p-AKT and p-S6 expression in control hiPSC-derived striatal neuroprogenitors after 3hr serum
deprivation followed by 3hr treatment with EGF (1/10nM) and Linsitinib (1uM). Quantification of p-AKT (B)
and p-S6 (C). N=3; Error bars= SEM
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receptors and share many of the same downstream partners, including AKT. For these experiments,
we exposed three control-patient hiPSC-derived striatal-like neuroprogenitors to 1 or 10 nM EGF with
or without Linsitinib (1uM) for 30 minutes following a 3hr serum withdrawal. EGF-induced p-AKT and
p-S6 were completely untouched by IGFR inhibition, indicating Linsitinib does not inhibit the EGF family
of RTKs (Fig 3-15). This adds additional confidence that Mn activates the AKT pathway via specific
interactions with IR/IGFR.

Mn promotes IGF receptor phosphorylation via intracellular interactions

Since the vast majority of Mn-induced p-AKT was dependent on IR/IGFR (Fig 3-5, 3-13) which
autophosphorylate and do not require the presence of upstream kinases, our data suggest that Mn is
either 1) directly impinging on IGFR/IR activity intracellularly (kinase domain) or 2) affecting
insulin/IGFR production or receptor binding, extracellularly. To test this, we exposed hiPSC-derived
NPCs to Mn for 3hrs, followed by a thorough set of media washes. After washing off the exogenous
Mn, we added Mn-free HBSS with or without 1nM IGF-1 to the cells. We reasoned that if Mn activates
IGFR/AKT extracellularly, pre-exposure with Mn should not potentiate IGF-induced IGFR/AKT/S6
phosphorylation, as extracellular Mn would be negligible in the presence of IGF. However, if Mn acts
intracellularly to promote IGFR activity, pre-exposure with Mn will lead to a lasting increase of
intracellular Mn and should still cause additive increases to IGF-1-induced signaling. Consistent with
an intracellular action of Mn, we found that pre-exposure with Mn was able to increase p-IGFR and p-
AKT expression (Fig 3-16A-C). Similar to WT cells in Fig 7C, Mn only increased p-S6 in conditions
when IGF was absent (Fig 3-16D), suggesting the synergy between Mn+IGF co-treatment on p-S6
signaling may be quite different from that of p-AKT and p-IGFR in these cells. Together, these data

support our hypothesis that Mn acts on IGFR via intracellular interactions.

Acute Mn exposure increases glucose uptake in HD cells only

To determine whether Mn-associated IGF/AKT signaling is associated with the decreased
IR/IGFR-related functional processes in HD cells, we examined glucose uptake. IGF/AKT signaling has
been associated with energy and glucose homeostasis, both of which are perturbed in HD and even
precede onset of primary symptoms in HD mice 147.160.165327-330 - Accordingly, we observed that HD
STHdh cells exhibit ~60% reduction in glucose uptake compared WT, consistent with published reports
in HD patients 331, We then measured glucose uptake in STHdh cells after a 24hr Mn exposure.
Consistent with an insulin-mimetic role of Mn, 100 pM Mn was able to modestly, but significantly,
increase glucose uptake in HD cells, but not WT cells—although glucose levels in HD cells did not

reach WT levels (Fig 3-17). We did not observe any effect at 50 uM (data not shown). This HD-specific
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Figure 3-16: Mn-induced p-IGFR/AKT is due to intracellular, not extracellular Mn. A)
Representative western blot of control hiPSC-derived neuroprogenitors for p-IGFR, p-AKT, and p-S6
following 3hr Mn exposure with 200/500uM Mn in HBSS, 3X HBSS washes, then exposure with 1nM IGF
(without Mn) or HBSS (no IGF or Mn) for another 3hrs. B-D) Quantifications of p-IGFR (B) One-way
ANOVA for treatment F(2,6)= 116.5; p<.0001, p-AKT (C) One-way ANOVA for treatment F(5,15)= 107.2;
p<.0001, and p-S6 (D) One-way ANOVA for treatment F(5,15)= 14.12; p<.0001. N=6 (two differentiations
of three separate control patients): Error bars= SEM. *= significance by Tukey multiple comparison test.
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effect provides evidence that homeostatic Mn levels play a role in maintaining glucose homeostasis,
and suggests that reductions in bioavailable Mn (such is the case is with Q111/Q111 cells) contribute

to perturbations in glucose uptake, a known phenotype in HD patients.

Discussion

Several laboratories have observed Mn-induced insulin/IGF-related signaling (primarily AKT) in
cell and rodent models, but the direct mechanism by which Mn stimulates these pathways was unclear
85,287,300.301  Here, we sought to define the ambiguous relationship between Mn and insulin/IGF
signaling, and how this interaction mediates Mn-induced signaling—namely AKT. We also wanted to
investigate how perturbations in this relationship may manifest in HD—as models of HD exhibit reduced

Mn uptake and defective insulin/IGF signaling.

Here, we observed that IGF and Mn work synergistically to regulate insulin/IGF activity. In the
presence of IGF, Mn was able to increase maximal AKT signaling more than near-physiological (1nM)
or saturating (10nM) concentrations of IGF alone (Fig 3-1C, D) 332, Furthermore, Mn was able to
increase phosphorylation of IR/IGFR, in the presence of physiological levels of IGF (1nM) (Fig 3-5A,
6, 7B). Additionally, after 24hr exposure, Mn decreased total IGFR protein expression and IGFR mRNA
expression (Fig 3-5C-E). We propose that sustained exposure with Mn causes a negative feedback
loop to reduce total IGFR protein by decreasing IGFR mRNA, thus dampening total IGF signaling
activity. These findings are consistent with a previous study showing that Mn inhibits insulin receptor
dephosphorylation, in addition to increasing kinase activity 3°°. This sustained activity would likely
require a negative feedback loop to prevent continuous stimulation of the pathway, facilitating
restoration of homeostasis. Together, our data demonstrate that Mn is able to modulate insulin/IGF
signaling via multiple avenues directly related to the IR and IGFR, and thereby impacts downstream p-
AKT levels (Fig 3-18). Furthermore, it is possible that cellular Mn levels could be further regulating this
signaling via means which we have not examined in this study, such as receptor internalization, Mn-
induced phosphatase activity, or interactions with autophagy or the proteasome. Thus, to fully
understand the complete coordination between Mn homeostasis and IGF signaling, all of these distinct

modalities of IGF signaling regulation must be assessed in the future.

Mn-induced AKT signaling was first reported years ago, specifically in the context of toxic
exposures, but the mechanism of this effect remained unknown 2. Our recent study demonstrates that
the majority of Mn-induced AKT is dependent on PI3K 3% (which also uses Mn as a cofactor), however,

PI13K and AKT can be activated via dozens of routes including receptor tyrosine kinases,
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Figure 3-18: Mn modulates IGF signaling via increased phosphorylation of
IGFR/IR in short-term treatments but decreases total IGFR/IR expression after
extended treatments.
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integrins, cytokines, and G protein-coupled receptors 284326, Given the extensive crosstalk between Mn
and IGF observed in this study, we posited that Mn-induced AKT signaling is mediated by IR/IGFR. We
found that several IR/IGFR inhibitors with non-overlapping off-target kinases (Fig 3-6A) could inhibit
the vast majority of Mn-induced p-IGFR and p-AKT across every cell model tested (with the exception
of HEK293 cells)— achieving ~50% inhibition of Mn-induced p-AKT at approximate IC50 concentrations
and >70% inhibition at higher concentrations (Fig 3-6, 3-8, 3-13, 3-7A-C). By correlating the degree of
p-IGFR inhibition to p-AKT inhibition [(% of p-AKT inhibition) / (% of p-IGFR/IR inhibition)], we estimate
that >70-80% of Mn-induced p-AKT is dependent on p-IGFR in most cell lines (Fig 3-8B-C). Our
observations strongly suggest that the vast majority of Mn-induced AKT signaling in many cell types is
mediated via interactions between Mn and the insulin/IGF receptors themselves, rather than other

upstream or downstream effectors.

Our data show that Mn synergistically works with IR/IGFR to promote downstream AKT
signaling, and that this is most likely due to the effects of intracellular, not extracellular, Mn (Fig 3-16).
Together, with the previously discussed inhibitor data (Fig 3-6, 3-13), we can narrow the initial site of
action to the intracellular kinase domains of IGFR/IR (as these receptor-kinases do not require an
upstream kinase for activation). As Mn is a known cofactor for several other kinases, we postulated
that Mn is binding the kinase domain of IR/IGFR to stimulate receptor autophosphorylation and
propagate signaling downstream. Our results are consistent with cell free in vitro experiments
demonstrating the ability of Mn to increase kinase activity in a defined biochemical system 302310 Future
studies using structural crystallography or computational assessments could be performed to confirm
that Mn binds this intracellular region, but this will be challenging given the limited utility of available
methods to detect Mn-binding of proteins in living systems. Previous studies have shown that Mn can
stimulate insulin production itself to promote IGF signaling °%®. This study does not directly assess
whether Mn can increase insulin/IGF production, though our data suggest the mechanism of the Mn-
induced effect on IR/IGFR is derived from intracellular interactions, not interactions with the
extracellular, ligand-binding, regions of the receptor (Fig 3-16). As the vast majority of Mn-induced p-
AKT is regulated by IR/IGFR, and Mn is able to increase maximal AKT activity even under saturating
concentrations of IGF, this also supports the hypothesis that Mn is not acting at the ligand-binding
domain or increasing the ligands themselves in our conditions/cell lines. However, we cannot exclude
that Mn may be able to promote insulin/IGF production or extracellular binding in addition to intracellular

stimulation of the receptor itself.

Heavy metals, including Mn, have specific proteins to which they bind, leading to activation of

specific biological responses. However, excessive accumulation of cations can incur broad, non-
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specific activation of specific signaling cascades due to dyshomeostasis and toxicity. For instance,
accumulation of many heavy metals will promote ROS production, broadly activating several signaling
cascades 333334 |n this study, we provide evidence that Mn-induced IGF signaling is due to a highly
specific interaction between Mn and insulin/IGF receptors themselves, not merely a shared effect, such
as ROS, by other cations (Fig 3-3A-C). This is supported by a previous study in which Mn-induced p-
AKT in the striatum was not blocked by antioxidant treatment, consistent with a ROS-independent
mechanism 254, The concentrations we chose are the highest concentrations that these cells can be
exposed to these cells for 24hrs without incurring detectable cell death 1. While Mn can clearly activate
p-AKT at sub-cytotoxic concentrations at 24hrs or during sub-acute, 7-day exposures (Fig 3-3A-F), it
is possible that other metals could activate p-AKT at supra-toxic concentrations due to non-specific
toxicity. A previous study in our lab observed that Cd could induce p-AKT at 50uM, which is a cytotoxic
concentration of Cd 8. In this study, we used 20uM Cd which did not induce p-AKT. We posit that
cytotoxic levels of Cu, Ni, Zn and other metals may also promote AKT signaling as this has been
previously shown, though we did not detect any increase p-AKT induction by sub-toxic concentration

of these metals 335339,

Mn and Mg can compete for binding and activation of the same protein kinases. In fact, the vast
majority of kinases in the human body are Mn- and/or Mg-dependent, though more often Mg-dependent
340, Since DMEM-based media contains high physiological concentrations of Mg to sustain enzymatic
activity, we could not directly test whether Mg could stimulate p-AKT alone. However, even in the
presence of apparent saturating concentrations of Mg, Mn was still able to incur a ~3-4 fold increase in
p-AKT after 24hrs in WT cells (Fig 3-1D, 3-3B). Previous studies in a biochemically defined system
reported the activation of the insulin receptor in the presence of Mg or Mn+Mg. Consistent with our
results in living cells, these studies observed that the combination of Mn+Mg evoked higher insulin
receptor activity 399310, Qur data demonstrate that Mn can increase the maximal activity of the
insulin/IGF receptors compared to Mg alone in a living biological system as well. In this way, intracellular
Mn could modulate maximal IGF signaling in a biological setting, even when sufficient Mg is present in
the cell. In the case of HD, reduced intracellular Mn may cripple maximal IGF signaling and contribute

to the AKT-related defects observed in HD, discussed more below.

Mn is an essential cofactor for a variety of enzymes3?2. Other studies, including our own, show
that Mn can incur activity of specific kinases and pathways that are not broadly shared by other
metals30.31,39.82,284,307,309,311,341 (Fjg 3-3A-C). However, Mn is not broadly recognized as a signaling
molecule itself. We know that Mn binds to and promotes activity of specific kinase pathways, but few

studies have examined how biologically-relevant intracellular Mn may help regulate cellular kinase
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activities, facilitating signaling cascades within the cell. Additionally, most studies have only examined
the effect of Mn-induced signaling at toxic concentrations of Mn—here we demonstrate that Mn-induced
signaling can also occur at sub-cytotoxic concentrations. This suggests biologically-relevant
concentrations of intracellular Mn play a role in the normal signaling homeostasis of dozens of
pathways. The discovery of a Mn-specific chelator or small molecules that could manipulate intracellular
Mn could be incredibly beneficial in further elucidating the necessity of Mn in cell signaling.

The AKT response to Mn has also been associated with neuroprotection, as a way to stimulate
pro-growth pathways 8889.109.182,342-334 'Here we observed that Mn increased glucose uptake in STHdh
HD cells only (Fig 3-17). While this increase was modest, it was also genotype-dependent, occurring
only in a model of HD which exhibits reduced Mn uptake. This increase in glucose uptake is consistent
with a role for AKT in promoting PFK1 phosphorylation and GLUT4 translocation to stimulate glucose
uptake 326345, This suggests that Mn, particularly in cases of reduced Mn bioavailability, can stimulate
neuroprotective processes, such as glucose uptake, which are impeded in neurodegenerative diseases
like HD. This also demonstrates that Mn-induced IGF signaling serves a role in mediating responsive,

downstream biological processes, not merely just a broad response to higher intracellular Mn.

Humbert and colleagues discovered that mutant HTT can be phosphorylated at Ser4?!
specifically by AKT, and this results in robust amelioration of cellular pathology, increasing cell survival
and reducing aggregate accumulation 89l Since then, other studies have examined the
neuroprotective capacity of AKT stimulation more closely °>%8197 Ahmed et al found that loss of IMPK,
a mediator of PI3K and AKT activity, is disrupted in models of HD. However, overexpression of IMPK
stimulated AKT activity and rescued cellular pathology and motor abnormalities in HD models,
consistent with the neuroprotective potential of AKT. Similarly, we hypothesized, that in the context of
reduced Mn bioavailability 882, suboptimal Mn levels impair activation of IR/IGFR, reducing activity of
AKT downstream and concurrently reducing the neuroprotective, pro-growth signaling that AKT
provides to combat disease pathology. Of particular interest, Rego and colleagues have elucidated the
neuroprotective effects of IGF treatment in cell and mouse models of HD, including upregulation of HTT
Ser*?! phosphorylation 92:93.96.97.163.346  Additionally, Hiney and colleagues have shown that Mn
administration upregulates IGFR/AKT/Rheb/mTOR in vivo, which have been targeted to combat HD
pathology in separate studies, providing a proof-of-principle that in vivo Mn administration alone can
potentiate IGF signaling in the brain 87287 Our study suggests Mn can increase the maximal activity of
the IGF signaling axis in living cells, even under saturating concentrations of IGF and Mg (Fig 3-1D, 3-
3A-C). Given the synergistic co-regulation of IGF and Mn presented in this study, we hypothesize that

67



co-treatment of HD models with Mn+IGF may incur the greatest AKT stimulation and thus, increase the

neuroprotective potential and therapeutic benefit of IGF-1 treatment alone.
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Materials and Methods

Immortalized cell culture

The immortalized, murine striatal cell lines (STHdhQ7Q7 and STHdh Q11/Q111 were obtained from
Coriell Cell Repository (Cambden, NJ). STHdh striatal cells were cultured in Dulbecco’s Modified Eagle
Medium [D6546, Sigma-Aldrich, St. Louis MO] supplemented with 10% FBS [Atlanta Biologicals,
Flowery Branch, GA], 2 mM GlutaMAX (Life Technologies, Carlsbad, CA), Penicillin-Streptomycin, 0.5
mg/mL G418 Sulfate (Life Technologies, Carlsbad, CA), MEM non-essential amino acids solution (Life
Technologies, Carlsbad, CA), and 14mM HEPES (Life Technologies, Carlsbad, CA). They were
incubated at 33°C and 5% COa. Cells were passaged before reaching greater than 90% confluency,
and were never passaged past the recommended 14" passage. The cells were split by trypsinization
using 0.05% Trypsin-EDTA solution (Life Technologies, Carlsbad, CA) incubated for five minutes. One
day prior to exposure, cells were plated in the appropriate cell culture plate type at 8x104 cells/mL for
WT and 1x10° cell/mL for HD (as these HD cells grow slightly slower than WT counterparts). For some
experiments, STHdh cells underwent serum deprivation in HBSS prior to exposures. For these, STHdh
cells were plated the same as above. The day after, cells were wash 3X with HBSS and incubated for
one hour in HBSS. After this, treatments were added to the cells in HBSS for another 3 hours before

lysates were collected for western blot.

For 1 week, low-dose Mn exposures, STHdh cells were exposed to 0, 1, 5, or 20uM Mn, 10 or
100nM IGF 24 hours after plating. The cells were split once, 1:4, midway through the week once they
were near confluency. Exposure was continued with fresh media. Cells were harvested on day 7 at the
same time of day as the original exposure day. Because of the original plating density difference, the

density of Q7 and Q111 cells at the end of the 7 days was approximately equal.

NIH-3T3 and HEK293 cells were a generous gift from the Tansey lab. Cells were maintained and plated
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with high-glucose DMEM (Corning 0013CV) with penicillin-streptomycin. For experiments, they were
plated at 100,000 cells/mL. After 48 hours, cell media was aspirated, cells were washed 1X with HBSS,
and then fresh HBSS (without growth factors) was added for another hour to begin growth factor
deprivation. After 1 hour of deprivation, media with IGF and/or Mn and inhibitors was added to the cells

for an additional 3 hours before protein lysates were collected.
Primary Rat Astrocyte cell culture

Primary cortical astrocytes were obtained according previous published protocols. Briefly,
cortices of newborn Sprague-Dawley rats were carefully dissected and the meninges were
removed347:348, Next, the cells were dissociated with a multi extraction protocol using dispase and
DNAse and plated at 10,000 cells/cm? on poly-I-lysine coated dishes. The cells were maintained in
minimum essential medium (MEM) supplemented with 10% horse serum, 100 U/ml penicillin and 100
pg/ml streptomycin. The first media exchanged occurred 24 hours after plating the cells, and after that
once every 3-4 days. After 7-8 days in culture, the cells reached confluence and the astrocytes were

used for the respective experiments.
hiPSC cell culture

Three control and HD-patient derived hiPSC-lines were differentiated into striatal islet-1-positive
neuroprogenitor cells as previously described 2. HD patient mutant alleles were 58, 66, and 70 CAG
repeats. All hiPSC lines were confirmed to be pluripotent (PluriTest- Expression Analysis, Durham, NC)
and to have normal karyotypes (Genetics Associates, Nashville, TN). Additionally, a subset of cells was
fixed with 4% paraformaldehyde for 15 minutes and immunocytochemistry was performed to ensure all
cultures expressed the striatal marker Islet-1.

For experiments, striatal neurprogenitor cells were plated at 300,000 cells/mL at day 10 of
differentiation. At day 11, purmorphamine and rock inhibitor-containing media was replaced with fresh
media containing purmorphamine (.65uM) for 24hrs. For 3-hour exposures, cells were washed with
HBSS 3X and then cells underwent growth factor/insulin deprivation in media without N2 supplement
(which contains the insulin for the differentiation media) for 3 hours. This was followed by exposing the
cells in N2supplement-free media with Mn, inhibitors, and IGF-1 for another 3 hours prior to protein

collection. Other N2 components include human transferrin, progesterone, putrescine, and selenite.

In order to test the effects of intracellular vs extracellular Mn, cells were exposed to 200 or 500 uM Mn
for 3hrs in -N2 media 24hrs after removing rock inhibitor containing media. After, cells were washed 3
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times with HBSS and then replaced with IGF-containing -N2 media for another 3 hours prior to protein
collection. -N2 media without IGF was added to half the wells to ascertain the effect of IGF alone.

Inhibitors/growth factors/metals

Inhibitors/growth factors were used at the following concentrations: recombinant human IGF-1
(R+D systems Cat# 291-G1)= .1-10uM, recombinant human EGF protein (R+D systems Cat# 236-
EG), BMS-53692436924 (SelleckChem)= 100nM-1pM, BMS-7548075480754807 (SelleckChem)=
2nM, Linsitinib (SelleckChem)= 100nm-1uM, NVP-AEW541 (SellekChem)= 100nM-1uM, and
LY294002 (Tocris)= 7uM.

The following metallic compounds were used as sources for the metal exposures: MnCl, for
MnCl, - 4H,0 (Sigma Aldrich, St. Louis, MO) for Mn, FeCl; (Sigma Aldrich, St. Louis, MO) as Fe, : CuCl, -
2H,0 (Alfa Aesar, Ward Hill, MA) for Cu, MgCl, - 6H,0 (Alfa Aesar, Ward Hill, MA) for Mg, ZnCl, (Acros
Organics, Morris, NJ) for Zn, CdCl, - H,0 (for Cd, NiCl, - 6H,0 (Alfa Aesar, Ward Hill, MA) for Ni, and
CoCl, - 6H,0 (MP Biomedicals, Solon, OH) for Co exposures.

Western blot

Cells were washed once with ice cold PBS and then scraped from wells of a 6-well plate directly
into 100ul, ice-cold RIPA buffer containing protease inhibitor (Sigma-Aldrich, St. Louis, MO) and
phosphatase inhibitor cocktails 2 & 3 (Sigma, Sigma-Aldrich, St. Louis, MO). Cell lysates were
centrifuged at 4°C for 10 minutes at 20,000 g. Protein concentration was quantified using the BCA
assay (Peirce Technologies). Samples were mixed with 5x SDS loading buffer containing 1% 2-
mercaptoethanol and boiled for 5 minutes. Fifteen ug of protein was loaded for each sample onto a 4-
20% pre-cast gel SDS-PAGE gel (BioRad, Hercules, CA) and run at 90V for 120 minutes. The protein
bands were then transferred onto nitrocellulose membranes using iBlot Gel Transfer Device (Life
Technologies). The remaining gel was stained with Coomassie Blue stain (Biorad, Hercules, CA). Since
the gels retained ~1/3 of the original protein after transferring with the iBlot, we imaged the stained gel
on the Li-Cor Odyssey Imaging System and quantified the intensity entire lane from ~150-20 kDa. This
value was used to normalize the quantification of the immunostained bands. The membrane was
blocked in Odyssey Blocking Buffer for one hour prior to the addition of the primary antibodies. The
primary antibodies were diluted 1:1000 in Odyssey Blocking Buffer containing 0.1% TWEEN and
incubated overnight. After washing three times for 5 minutes in TBST, membranes were incubated with
secondary antibodies at 1:10,000 (LiCor, Lincoln, NE) for 1 hour. Following three, 5-minute washes in

TBST, membranes were imaged using the Li-Cor Odyssey Imaging System, and quantification was
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performed using Image Studio Lite (LICOR, Lincoln, NE). In Figure 6A, membranes were visualized
using CL-XPosure film (Thermo Scientific, #34090) and quantified via ImageJ.

PIR/IGFR Tyr!!3 (3918), pan IR/IGFR (9750), p-AKT Ser*’® (4060), p-AKT Thr3%8 (2965), pan
AKT (2920), and pan S6 (2317), p-S6 Ser?35/236 (2211) antibodies were purchased from cell signaling
technologies and used at 1:1000 dilution except pIR/IGFR was used at 1:500. Note: Unless stated, all
western blots examined p-AKT at the Ser4’3 residue. All blots aside from Figure 6A were normalized
by total protein (Coomassie). Figure 6A was quantified at p-AKT over actin. Pan was quantified
separately in the supplement as it did not significantly change under our exposure paradigms.

Note: Many of our experiments were performed to maximize the number of
conditions/genotypes/cell lines/exposure time and, thus most replicates of western blots included
conditions that were not relevant for specific figure panels. Thus, some western blot images were cut
to exclude these non-relevant conditions. However, any western blots that are grouped together for any
specific figure panel come from a single blot and are only cut/copied to exclude unneeded

conditions/replicates for simplicity and space.
PC12 cell HTT induction and differentiation

HTT PC12 cells were purchased from Coriell Repositories (CH00285, CH00287, CH00289).
Undifferentiated cells were plated at 75,000 cell/mL in DMEM F12 media with 4.5 g/L glucose, L-
glutamine, and sodium pyruvate with 10% fetal bovine serum, 5% horse serum, 250ug/mL zeocin
(Invitrogen), 100ug/mL G418, and 1% penstrep. Cells were plated on collagen-coated plates at 75,000
cells/mL. Cells were induced with 5uM ponasterone A (Invitrogen) and differentiated with 50ng/uL
neural growth factor (NGF- Cell signaling technologies) for 6 days prior to exposures. On the 6 day,
exposures were added for an additional 24 hours with ponasterone A. Cells were imaged by microscopy

for neurite outgrowth and expression of RFP-HTT, assuring induction and differentiation of cultures.
gRT-PCR for IR/IGFR/IRS2

STHdh Q7/Q7 and Q111/Q111 cells were plated in 6-well plates and treated with Mn and/or
IGF-1. After 24 hours, cells were lysed in 1mL of TRIzol® Reagent (CatNo. 15596) and stored at -80°C
until use. Total RNA was extracted using TRIzol® Reagent, according to the manufacturer’'s User Guide
(Invitrogen, Carlsbad, CA). RNA was DNAse | treated, following the NEB DNase | Reaction Protocol
(M0303) (New England BioLabs® Inc, Ipswich, MA). cDNA was generated on Bio-Rad Laboratories’
S1000™ Thermal Cycler, using 50uM Random Hexamers (P/N 100026484, Invitrogen, Carlsbad, CA),
50U MuLV Reverse Transcriptase (P/N 100023379, Applied Biosystems, Foster City, CA), 10mM
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dNTPs (CatNo. N0446S, NEB, Ipswich, MA), 20U RNAse, Inhibitor (CatNo. N8080119, Applied
Biosystems, Foster City, CA), 25mM MgCl2 (P/N100020476, Applied Biosystems, Foster City, CA), 10x
PCR Buffer 1l (RefNo. 4486220 Applied Biosystems by Life Technologies, Austin, TX), and 1ug of
extracted RNA, and using the following cycling times: 25°C for 10 min, 42°C for 60 min, 99°C for 5 min,
5°C for 5 min, 4°C forever. Q-RT-PCR was performed on Eppendorf’s Mastercycler® epGradientS
Realplex?, using KAPA SYBR® FAST qPCR Master Mix (2X) Universal according to the manufacturer’s
recommendations (KM4101, KAPA Biosystems, Wilmington, MA). Sequences of primers used are as
follows: mpgkl R2 AAAGGCCATTCCACCACCAA, mpgkl F2 GCTATCTTGGGAGGCCTAA, Irs2
forward, GTCCAGGCACTGGAGCTTT, Irs2 reverse, GCTGGTAGCGCTTCACTCTT, IGFR For Primer
GCTTCTGTGAACCCCGAGTATTT, IGFR Rev Primer TGGTGATCTTCTCTCGAGCTACCT, IR For
Primer TTTGTCATGGATGGAGGCTA, IR Rev Primer CCTCATCTTGGGGTTGAACT.

Glucose uptake assay

Glucose Uptake-Glo Assay was conducted per manufacturer instructions (Promega, Madison,
WI). Q7 and Q111 cells were cultured after plating for 16-24 hours in 96-well tissue plates. 24 hours
prior to the Glucose Uptake-Glo Assay, the media was removed and replaced with media containing 0O,
50, or 100uM Mn. The, the media was removed and the wells washed with 100ul PBS. 50ul of prepared
1mM 2DG was added per well, plates were briefly shaken, and incubated for 10 minutes at room
temperature. The, 25ul of Stop Buffer was added and the plate briefly shaken again. Thereafter, 25pl
of Neutralization Buffer was added to each well and the plate shaken briefly. This was followed by
addition of 100ul of 2DG6P Detection Reagent to each well, the plate was briefly shaken and then
incubated for 30 minutes at 33 degrees (the normal temperature for these cell lines). Luminescence
was recorded using a 0.3-1 second integration on a microplate reader (BioTek Synergy H1, Winooski,
VT).

Statistical analysis

GraphPad Prism version 8.0.2 was used. Most data are shown by fold change to increase clarity
for the reader. However, all data that was analyzed by one-way or two-way ANOVA was converted to
log values to allow for a normal distribution for the statistical analysis. For any data comparing values
versus a unitary value (=1) on a graph- raw, unnormalized data was converted to log values and
underwent ANOVA analysis. If data sets were significant by ANOVA, post-hoc multiple comparisons
tests were used to determine specific differences within data sets. For analyses across all possible
treatments/genotypes, Tukey’s test was performed. For analyses comparing data back to a specific

condition only, Dunnet’s or Sidak’s tests were performed. For the majority of data sets, paired analyses
72



were used as all samples were collected as full sets. For the data sets which compared two points
specifically, a paired student’s t-test was used as indicated.
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CHAPTER 4

ACUTE MANGANESE RESTORATION PROMOTES AUTOPHAGIC CARGO LOADING IN
HUNTINGTON’S DISEASE CELL LINES
Adapted from: Miles R. Bryan, et al. Acute manganese treatment restores defective autophagic cargo

loading in Huntington’s Disease cell lines. Human Molecular Genetics. 10 October 2019.
https://doi.org/10.1093/hmg/ddz209.

Abstract

The molecular etiology linking the pathogenic mutations in the Huntingtin (Htt) gene with Huntington’s
Disease (HD) is unknown. Prior work suggests a role for Htt in neuronal autophagic function and mutant
HTT protein disrupts autophagic cargo loading. Reductions in the bioavailability of the essential metal
manganese (Mn) are seen in models of HD. Excess cellular Mn impacts autophagic function, but the
target and molecular basis of these changes are unknown. Thus, we sought to determine if changes in
cellular Mn status impact autophagic processes in a wild-type or mutant Htt dependent manner. We
report that the HD genotype is associated with reduced Mn-induced autophagy, and that acute Mn
exposure increases autophagosome induction/formation. To determine if a deficit in bioavailable Mn is
mechanistically linked to the autophagy related HD cellular phenotypes, we examined autophagosomes
by electron microscopy. We observed that a 24hr 100uM Mn restoration treatment protocol attenuated
an established HD “cargo-recognition failure” in the STHdh HD model cells by increasing the
percentage of filled autophagosomes. Mn restoration had no effect on HTT aggregate number, but a
72-hour co-treatment with CQ in GFP-72Q-expressing HEK293 cells increased the number of visible
aggregates in a dose-dependent manner. As CQ prevents autophagic degradation this indicates that
Mn restoration in HD cell models facilitates incorporation of aggregates into autophagosomes.
Together, these findings suggest that defective Mn homeostasis in HD models is upstream of the
impaired autophagic flux and provide proof-of-principle support for increasing bioavailable Mn in HD to
restore autophagic function and promote aggregate clearance.
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Introduction

Huntington’s disease (HD) is an age-progressive neurodegenerative disease characterized by
the primary symptom, chorea, uncontrolled motor behavior. However, symptoms and progression are
highly variable between patients. There is no cure and few symptomatic treatments for this fatal
disease. An expanded CAG repeat within exon 1 of the HTT gene produces the mutated protein. While
age of onset is inversely correlated with CAG repeat, it is still unclear how mutant HTT (mutHTT) causes
specific cell death in the medium spiny neurons of the striatum 6119349 Variability in age of onset, which
can be up to £30 years for identical CAG repeats, has been mostly attributed to environmental factors.
Though debated, it has been shown that mutHTT aggregates (or at least some forms of mutHTT
aggregates) contribute to eventual cell death'!118.124.125  Aytophagy is the primary process by which
mutHTT aggregates can be degraded. However, it is thought that loss-of-function of WT HTT, via the
HD mutation, disrupts autophagy-mediated aggregate clearance. In fact, WT HTT has binding motifs
for both p62 and ULK-1/LC3, critical proteins for labeling and incorporation of autophagic cargo,
respectively. Acting as an autophagy scaffold, WT HTT promotes proximal localization of autophagic
cargo and the autophagosome itself'?”-12°, Recent evidence shows that HD cells exhibit autophagy
“cargo recognition failure”: autophagosomes are ineffectively loaded with cargo, resulting in reduced
rates of macroautophagy and an accumulation of lipids and mitochondria within the cells3!, This deficit
is suspected to impede aggregate clearance and thought to be caused by an abnormal association
between mutHTT and the ubiquitin-binding protein, p62, a proposed “linker” protein between
autophagosomes and their respective cargo®®. Upregulation of autophagy via both mTOR-dependent
and independent mechanisms can facilitate mutHTT aggregate clearance and rescue HD phenotypes.
Genetic and pharmacological manipulation of autophagy via mTOR-dependent and independent
mechanisms have been shown to promote mutHTT aggregate clearance, rescue medium spiny neuron
health, and normalize motor behavior in flies and mice87:101,104,124,126,350-354 - Gjyen this evidence, there
has been a large impetus in the field to 1) understand how mutHTT dysregulates autophagy and 2)
how to manipulate autophagy pathways to promote autophagic function in HD and potentially target

this process pharmacologically.

Manganese (Mn) is an essential metal, a cofactor for a variety of enzymatic processes and
potent modulator of cell signaling, but in excess is neurotoxic. The highest levels of Mn in the brain
normally are found in the striatum, the region of the brain most vulnerable in HD, suggesting Mn plays
a particularly important, yet poorly understood, role in this brain region3284. HD models exhibit striatal-
specific reduced Mn uptake suggestive of a HD-dependent, brain-specific Mn deficiency?8!:262.263,314,

This deficit in net Mn uptake confers increased resistance to Mn cytotoxicity in HD cells. This also
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manifests as dysregulation in the Mn-dependent arginase-citrulline pathway and ATM, p53, and AKT
signaling in these models, though we posit that many other Mn-responsive pathways and processes
are also affected®315, Recently, groups have shown that Mn exposure causes rapid, yet temporally
bi-phasic, increases in common autophagy markers (p62, LC3, Beclin) in a variety of cell types and
mouse models, which have been associated with both activation and inhibition of autophagy by Mn.
50,133,134,290,355-358 Mn also is known to activate ERK, AKT, ATM, AMPK, mTOR and various transcription
factors (TFEB, CREB, p53, FOXOs, etc.) all of which regulate autophagy#2:4548:49.8185,288,299-301,359
Evidence supports a neuroprotective role for autophagy in the context of Mn neurotoxicity. However,
given the intricacies of interpreting autophagy data, the mechanism by which Mn impinges on
autophagic function, particularly in the context of HD is unknown. Given the role of Mn-responsive cell
signaling proteins in the regulation of autophagy and a potentially striatal-specific Mn deficiency in HD
models, we hypothesized that elevating extracellular Mn levels to restore subcellular Mn homeostasis
would promote autophagic functions in HD cells via normalization of “Mn-starved” cell signaling
processes. In this study, we set out to 1) employ a battery of autophagy methodologies to rigorously
assess the effects of Mn on autophagy, and 2) evaluate the effects of Mn on autophagic flux and cargo

sequestration in HD cells.

Results

Mn increases p62 and LC3-1l/l expression after 24hrs in WT cells, presence of HD mutation

suppresses this effect

Previous reports have demonstrated that Mn exposure increases expression of common
autophagy proteins—namely Beclin, LC3-Il and p62 50.133.134,355.357 'However, elevated expression of
these proteins can be a result of either increased autophagic flux or decreased autophagic clearance.
Thus, it is still unclear whether upregulation of these proteins by Mn is indicative of inhibition or
activation of autophagy. Here, we defined how Mn impinges on autophagy, particularly in the STHdh
striatal neuroprogenitor cell model (Q7 and Q111, wild-type and HD models respectively), which is a
widely used mouse striatal cell line model of HD. LC3 and p62 expression was measured, as a marker
of autophagy. To assess LC3 turnover, we calculated an LC3-Il/l ratio, as LC3II is the lipidated form of
LC3I and runs faster on SDS-PAGE?3%°. A 24hr Mn exposure caused significant increases in both p62
and the LC3-1l/I ratio in WT cells, the increase in p62 being greater in magnitude (Fig 4-1A,C,E). The
increase in LC3-Il/I ratio was driven primarily by a decrease in LC3I rather than an increase in LC3lI,
consistent with the lipidation of LC3I to LC3II during the synthesis/incorporation of autophagy (Fig 4-
1A). Mn-induced p62 and LC3-II/I was significantly blunted in HD cells. This finding is consistent with
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Figure 4-1: Mn increases expression of LC3-Il/l and p62 which is reduced in Q111 cells. A)
representative western blot of STHdh Q7/Q7 and Q111/Q111 after 24hr exposure with Mn (50uM), NU7441
(1/5uM), LY294002 (7uM), or Rapamycin (1nM). LC3-I= top arrow, LC3-lI= bottom arrow. B) Quantification
of LC3-1l/1in cells treated with Mn only. *= significant by paired t-test. N=11. C) Quantification of LC3-1l/l in
cells treated with Mn and LY294002 or Rapamycin. Two-way ANOVA; treatment= F(2,6)= 2.665; p=0.1485.
N=4 D) Quantification of p62 in cells treated with Mn only. *= significant by paired t-test. N=6. E)
Quantification of p62 in cells treated with Mn and LY294002 or Rapamycin. Two-way ANOVA, treatment=
F(2,6)= 5.579; p=0.0428. N=3. For Panels B-E, each cell line’s vehicle is normalized to 1. NU7441 was
used as a control for Fig 1A blot but were not quantified. Blue= WT; Red= HD. Error bars= SEM. *=
significant by Dunnet’s post-hoc test was used to compare back to Mn treated in Fig c, e. *P<.05, **P<.01,
***P<.001.
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the reduced net Mn uptake phenotype observed in these cells8-82, To assess whether Mn-induced
p62/LC3 were dependent on Mn-dependent kinases (PI3K and mTOR)*84% we exposed STHdh cells to
a series of small molecule inhibitors to see if they modulated Mn-induced autophagy (Fig 4-2B).
NU7441, a DNApk inhibitor known to activate autophagy?3¢ induced p62 expression, similar to Mn, and
also exhibited synergistic, additive effects when co-exposed with Mn (Fig 4-1A,B, 4-2A). Co-exposure
with NU7441 did not ameliorate impaired Mn-induced p62 or LC3Il/l in Q111 cells (Fig 4-2A,B)
(NU7441 inhibits mTOR and PI3K at 5uM, thus only NU7441 (1uM) was quantified and more specific
inhibitors of PI3K and mTOR were used 300362 |nterestingly, Mn-induced p62 was completely abrogated
by PI3K inhibition (LY294002) but not affected by mTOR inhibition (Rapamycin), suggesting Mn-
induced p62 is PI3K, but not mTOR, dependent (Fig 4-1A,E). LY294002 and rapamycin did not have
a significant effect on Mn-induced LC3-1l/I, though both inhibitors were trending to block Mn-induced
LC3-1l/l (Fig 4-1A,C). LY294002 and Rapamycin were validated to inhibit basal and Mn-induced p-AKT
and p-S6, respectively, in these cells, at the same concentrations, in a previous study in our lab3.

Mn induces autophagy by increasing autophagosome induction and formation

To determine whether Mn activates autophagic synthesis/incorporation or inhibits autophagic
degradation we assessed autophagic flux via lysosomal autophagy inhibitors (chloroquine, bafilomycin
A) to block autophagosome degradation, thus allowing for assessment of autophagosome induction
and formation only (i.e. autophagy activators, but not inhibitors, will induce autophagic protein
expression if the degradation of autophagosome is blocked) (Fig 4-2C-F). We first determined
concentrations of inhibitors that completely inhibit autophagosome degradation. To determine the
effective saturating concentrations for chloroquine (CQ) and bafilomycin A (BafA), we utilized stable,
dsRed-LC3-1l expressing WT and HD STHdh cells. We found that 10uM CQ and 10nM BafA caused
maximal accumulation of LC3Il puncta without incurring cell death or morphological changes, while
super-saturating 20uM CQ caused extensive, “swiss-cheese-like” vacuolization in WT STHdh, and
20nM BafA reduced cell size and caused cell death (Fig 4-3, 4-4). Thus, we exposed STHdh cells to
Mn and 10 uM CQ or 10 nM BafA for 24hrs and monitored p62 and LC3Il/l expression. Mn increased
p62 and LC3-1l/l in WT and HD cells and LC3-1l/l in WT cells, even in the presence of saturating
concentrations of CQ (Fig 4-5A,B,C) or BafA (Fig 4-5A,D,E). This supports our hypothesis that Mn
increases autophagic induction/formation. We observed similar increases in magnitude of p62 and LC3-
[I/l in HD cells compared to WT cells with BafA and slightly blunted responses with CQ. However, Mn
did not significantly increase LC3II/I in HD cells. The observed p62 doublet in BafA-treated conditions
is consistent with reports in mouse brain and liver, however we only quantified the bottom band as this

was not observed in every condition363,
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Figure 4-2: Assessing saturating concentrations of Chloroquine and Bafilomycin A. A-B) Quantification of p62 (A)
and LC3II/l (B) from Figure 1a after exposure with Mn(50uM) and/or Mn+NU7441(1/5uM) for 24hrs. n=4. #= significant
genotype difference by student t-test. C-F) Number of LC3-1l puncta over number of DAPI puncta for STHDh Q7/Q7
cells treated with Chloroquine: Univariate ANOVA; F(5,12)= 7.540; p=0.0021. (C) or Bafilomycin A: Univariate ANOVA,
F(5,12)= 3.141; p=0.0484. (D), and STHdh Q111/Q111 cells treated with Chloroquine: Univariate ANOVA, F(5,12)=
13.68; p=0.0001. (E) or Bafilomycin: A Univariate ANOVA; F(5,12)= 11.86; p=0.00003. (F) Cells were exposed for 24hrs
with chloroquine (1-50uM) or Bafilomycin A (1-50nM). Quantified as (#LC3-II puncta)/(# of DAPI) per image. N= 10
images per condition, with ~5-10 cells per image; Error bars= SEM. *= significant difference by post-hoc Sidak test
comparing back to vehicle for each concentration, per inhibitor. *P<.05, *P<.01, ***P<.001.
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Figure 4-3: Representative
LC3-ll images Q7/Q7.
Representative images (40X,
Zeiss fluorescent light
microscope) for lysosomal
autophagy inhibitors (CQ-top,
BafA-bottom) saturation
curves after 24hrs in Q7/Q7
cells. Quantification in Fig 4-
2.

Figure 4-4: Representative
LC3-ll images Q111/Q111.
Representative images
(40X, Zeiss fluorescent light
microscope) for lysosomal
autophagy inhibitors (CQ-
top, BafA-bottom) saturation
curves after 24hrs in
Q111/Q111 cells.
Quantification in Fig 4-2.
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Mn-induced LC3 and p62 protein expression is not due to an increase in mMRNA expression

We tested the hypothesis that Mn upregulates p62 and LC3B expression by increasing their
MRNA expression. Mn and/or CQ exposure did not significantly change p62 or LC3B mMRNA expression
in either genotype (Fig 4-5F,G). We did not observe a difference in basal LC3B mRNA between Q7
and Q111 cells, but observed a genotype difference in basal p62 mRNA. However, as no large
increases in mMRNA expression were observed, the Mn-induced modulation of protein markers of

autophagy is not consistent with a transcriptional mechanism in these cells.
Mn increases free ATG5, but not ATG5-12 complex, and decreases p-ERK expression

The ATG5-12 complex facilitates lipidation and conversion of LC3I to LC3II%%4. Mn increased
free ATG5 expression in WT but not HD cells, but it did not increase expression of the ATG5-12
complex. Interestingly, CQ had no effect on free ATG5 or ATG5-12 (Fig 4-6A-C). This difference
between Mn and CQ, a known autophagy inhibitor, further supports the hypothesis that Mn activates
autophagy. Furthermore, Beclin expression was unchanged by Mn or CQ/BafA (Fig 4-6A). All together,
these observed increases in autophagy-related proteins after Mn treatment, under saturating
concentrations of CQ/BafA suggest Mn promotes autophagic synthesis/incorporation. Additionally,
other groups have found that Mn increases p-ERK in astrocytes which regulates lysosomal activity.
However, we found that Mn exposure in WT STHdh cells actually decreased p-ERK expression. HD

cells exhibited reduced basal p-ERK and were unresponsive to Mn treatment (Fig 4-6D,E).
Mn-induced autophagy increases autophagic vacuole area

An increase in autophagic markers (LC3/p62) can be indicative of 1) increased number of
autophagosomes or 2) increased area and content of autophagosomes. To explore whether Mn-
induced autophagy resulted in increased autophagic vacuole (APV) area, we utilized electron
microscopy, the gold-standard method to assess autophagy. Because of the density of APVs in some
conditions, number of APVs could not be assessed. We observed a slight increase in APV area with
Mn alone in both WT and HD cells, this was only significant in Q111 cells treated with 50 pM Mn (Fig
4-7C). This discrepancy was not surprising, as autophagy is in flux without addition of lysosomal
autophagy inhibitors, so detecting small changes in active autophagy by EM would likely need a much
higher sample size. However, CQ+50 uM Mn significantly increased APV area over CQ alone in Q7
cells only and BafA+50 uM Mn was also trending but not significantly (Fig 4-7D). We also observed

increased presence of larger, multi-vesicular bodies with treatment of Mn with CQ or BafA
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Figure 4-6: Mn increases free ATG5 expression. A) Representative western blot for Beclin, free ATG5,
ATG5-12 complex of STHdh Q7/Q7 and Q111/Q11 treated with Mn (50uM), CQ (10uM), and BafA (10nM). B)
Quantification of ATG5 complex C) Quantification of free ATG5-12. Veh, Mn, CQ, CQ+Mn conditions
guantified. Beclin was unchanged and not quantified. D) Representative blot of p-ERK after 24-hr Mn
treatment. E) Quantification of p-ERK.N=3; Error bars= SEM; *= significant difference by student t-test; #=
significant difference by 95% CI.
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SEM *= significance by student t-test. Work done with the assistance of Michael O’Brien.
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(Fig 4-7A,B). Contrary to our western blot findings, we did not observe significant increases in APV
area in the Q111 cells when co-exposed with Mn and CQ/BafA (Fig 4-7D). We also did not observe a
basal difference in APV area between WT and HD cells. These differences may be a result of the fact
that autophagosome area was measured instead of autophagosome number or because we cannot
easily distinguish between an autophagosome and an autophagolysosome by EM. Both of these factors
should be taken into consideration while comparing results from various autophagy methods.

Mn induces LC3Il/I, but not p62, expression in non-neuronal cell lines

We hypothesized that Mn induced autophagy may be specific to neuronal cell types, as the vast
majority of studies investigating Mn and autophagy have examined neuronal regions/cells, and the
brain is a primary source for Mn toxicity (citations). To test this, we used immortalized neuronal
(Neuro2A) and non -neuronal (HEK293, human lymphoblasts) and exposed them to Mn and/or CQ.
For this set of experiments, we also utilized a second autophagy inhibitor, KB-R7943 (KBR), as a
secondary confirmation for our results with CQ (Long et al., 2016). 100 uM Mn+CQ/KBR was able to
increase p62 and LC3II/I expression over CQ/KBR alone in Neuro2A and LC3Il/I only in HEK293 cells
(Fig 4-8A-F). KBR was able to recapitulate the effects of CQ in the N2A cells. In human lymphoblasts,
LC3 was hard to detect under Mn-alone treated conditions and p62 did not exhibit a stable trend (Fig
4-8G). However, 100 uM Mn+CQ increased LC3lIl/I more than CQ alone (Fig 4-8G). Together, these
findings suggest that Mn-induced LC3II/I is shared by other cells lines, both neuronal and non-neuronal.
As all neuronal lines tested exhibited Mn-sensitive p62 expression and all non-neuronal lines exhibited
lack of Mn-induced p62, this brings up the interesting possibility that Mn-induced p62 expression is
specific to neurons. However, overall, this data suggest Mn-induced autophagy is not specific to these

cells.”

Exposure with chloroquine/bafilomycin A increases net Mn uptake in Q111 cells, attenuating

defective Mn-induced autophagy

To gain mechanistic insight into why Mn exposure, under conditions where autophagy
degradation is inhibited, induces LC3-IlI/l and p62 in HD cells to the same magnitude as WT cells
(despite established reductions in net Mn accumulation in HD cells; (Fig 4-4A-E), we tested the
hypothesis that CQ and BafA are capable of normalizing Mn uptake in HD cells. Using the cellular fura-
2 Mn uptake assay (CFMEA) developed in our lab?6?, we assessed net Mn uptake after 24hr exposure
with Mn and CQ/BafA. Interestingly, CQ and BafA increased net Mn uptake in both Q7 and Q111 cell
lines exposed to 25 uM Mn (Fig 4-9A-B). The lower 25 uM Mn concentration was used to test for the
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Figure 4-8: Mn induces autophagy in other neuronal and non-neuronal cell lines. Representative western blot for
Neuro2A (A) and HEK293 (B) cells after 24hr Mn or CQ treatment. KB-R7943 is another inhibitor that was used but not
guantified. Quantification of LC3Il/l for N2A(C) and HEK293 (D). Quantification of p62 for N2A(D) and HEK293 (F) (G,
H) Representative western blot and LC3Il/I quantification in human-derived lymphoblasts after 24hr Mn+CQ treatment.
P62 not quantified. N=3 or more for all experiments. Error bars= SEM; #= significance difference from veh by 95%CI to
vehicle (=1); *= significant difference by student t-test
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Figure 4-9: Chloroquine and Bafilomycin A increase net Mn uptake which is blocked by 3-
methyladenine. Assessment of intracellular Mn by CFMEA in STHdh Q7/Q7 and Q111/Q111 cells after
24hr exposure with A) Mn (25/50uM) and CQ (10uM) B) Mn (25/50uM) and BafA (10nM), C) Mn (25/50uM)
and 3MA (5mM), and D) Mn (25uM), CQ (10uM), and 3MA (5mM). Note: dashed lines separate experiments
where 25uM or 50uM Mn was used. N=3 for all experiments; Error bars= SEM. Blue= WT; Red= HD.
#=significant genotype difference; *= significance by Sidak multiple comparison test. Two-way ANOVA
analysis in Supp Fig 4. E) CFMEA measuring intracellular Mn levels in NIH3T3, Neuro2A, HEK293, and SH-
SY5Y cells after 24hr exposure with Mn (100uM), CQ (10uM), and BafA (10nM). F) Two-way ANOVA
statistics. *= significance by paired student’s t-test compared to Mn alone at same concentration. *P<.05,
**pP< .01, **P<.001. Work done with the assistance of Michael O’Brien.
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possibility of a Mn-uptake ceiling effect in Q7 cells at the higher concentration. After exposure to 50
MM Mn, (the same concentration used in previous experiments) we found CQ and BafA normalized net
Mn uptake between the control and HD cell lines (Fig 4-9A,B). Furthermore, these increases were
completely blocked with addition of 5mM 3-methyladenine (3MA), an autophagy inhibitor that blocks
activation of autophagy by inhibiting class Il PI3K (Fig 4-9D). Additionally, 3MA alone was able to
reduce net Mn uptake in these cells. 3MA reduction of Mn uptake could be due to inhibition of class IlI
PI3K, or possibly through off-target inhibition of class | PI3K (Fig 4-9C), consistent with our recent
report that inhibition of class | PI3K in these cells reduces net Mn uptake3. We found that CQ and
BafA increased net Mn uptake in other cell lines (3T3, HEK293, SH-SY5Y), though to a lesser extent
than seen for STHdh cells (Fig 4-9E). These data, 1) explain why Mn-induced autophagy is similarly
affected in WT and HD STHdh cells that are co-exposed with Mn+CQ, despite the reduce Mn
accumulation usually seen in the HD STHdh cells; and 2) suggest that autophagy plays a novel role in

Mn homeostasis which contributes to the impaired Mn uptake in HD cells.

HD genotype suppression of Mn-induced autophagy markers is also observed in human patient-

derived striatal neuroprogenitors

We investigated whether Mn-induced autophagy was also a phenotype in non-transformed
neural precursor cells derived from HD patient derived-induced pluripotent stem cells. Utilizing a
differentiation protocol developed in our lab, we differentiated three control and three HD patient-
derived cell lines to 11-day old Islet-1 expressing striatal-like neuroprogenitors®. These cells were
exposed to 200 uM Mn with or without CQ/BafA for 24hrs. Previous reports from our lab show 200uM
Mn exposures in these human cells results in nearly the same amount of intracellular Mn (nm/ug DNA)
as STHdh cells after 50uM®. Mn induced LC3-II/l expression (with BafA) was similar between control
and HD cells (Fig 4-10A,B). However, Mn-induced p62 was severely blunted in all Mn-exposed
conditions in HD patient-derived cells (Fig 4-10A,C,D). We did not detect a difference in basal p62
expression. We also noted that CQ had little effect on LC3 or p62 expression in these cells; in a
separate experiment, we used CQ at twice the concentration (20uM) and still observed no change in
the expression of LC3 or p62 (data not shown). The lack of an observable LC3-1l band in most
conditions may reflect highly-efficient autophagy processing in these cells. As CQ and BafA inhibit
autophagic degradation somewhat differently (CQ inhibits lysosome-autophagosome binding, BafA
primarily prevents acidification of lysosomes36°-367), this may explain why BafA, but not CQ, resulted in
a prominent LC3-Il band. These data suggest Mn can activate autophagy in hiPSC-derived
neuroprogenitors, and that defects in Mn-induced autophagy, particularly Mn-induced p62, are present

in both HD mouse and human striatal neuroprogenitors.
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Figure 4-10: HD patient iPSC-derived neuroprogenitors exhibit defects in Mn-induced autophagy A)
Representative western blot of p62 and LC3-II/I in hiPSC-derived neuroprogenitors (CC3=control cells; HD66-12
= HD cells) after 24hr exposure with Mn (200uM), CQ (10uM), and BafA (10nM). p62= top arrow, (non-specific
LC3 band below p62); LC3-I= top arrow, LC3-1I= bottom arrow. B) Quantification of LC3-II/I in cells treated with
BafA and BafA+Mn. N=5. Dotted line: BafA=1. Two-way ANOVA; F(1,4)= 20.38; p=.0107. C) Quantification of
p62 after treatment with Mn and CQ, and BafA. D) Quantification of p62 after treatment with Mn alone. Error
bars= SEM. Blue= WT; Red= HD. N=6. Dotted line: vehicle=1. Two-way ANOVA, treatment= F(4,20)= 65.73;
p=0.0001; genotype=F(1,5)= 13.40; p=.0146; treatment-genotype interaction= F(4,20)=3.730; p=.0200. *=
significant by Sidak (b) Tukey’s (c) multiple comparison test. Blue *= WT treatment difference; red*= HD
treatment difference; black *= genotypes difference. *P<.05, *P<.01, ***P<.001.
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HD-dependent defects in Mn-induced autophagy are corroborated by reduced LC3-Il puncta

In order to confirm our western blot findings, we also performed LC3-Il fluorescent microscopic
analyses. To quantify specifically LC3-Il we utilized dsRED-LC3-Il expressing STHdh cells. Q7 and
Q111 cells exhibit similar levels of basal LC3-Il puncta (Fig 4-11A). CQ induced LC3 puncta in both
cell lines, though to a lesser magnitude in HD cells (Fig 4-11C, 4-12B, 7A,B). Mn alone increased LC3-
Il puncta significantly in both cell lines, though this occurred at significantly lower concentrations in WT
cells and this genotype and genotype x Mn difference was significant by two-way ANOVA (Fig 4-11B,
4-12A, 7A,B). Contrarily, Mn-induced autophagic flux (i.e. with CQ) was similar, if not more sensitive,
in HD cells (Fig 4-11D, 4-12A,B), similar to our western blot results, and is likely due to the
normalization of net Mn uptake after CQ exposure in STHdh cells. In addition, we measured autophagic
severity in Q7 cells via a 4-point, blinded assessment and observed similar results (Fig 4-12C). Mn
induced p62 puncta similarly to LC3-1l puncta, even in presence of CQ (Fig 4-14A-C), however, we did
not detect a genotype difference between Q7 and Q111 cells (data not shown) likely due to limited
sensitivity of this assay and analysis. Mn did not increase co-localization between LC3-Il and p62 (data
not shown). Taken together, these results strongly support the conclusion that reduced Mn-induced

autophagy in HD can be attenuated by restoring Mn levels to a non-deficient condition.

Lysosomes are necessary for the proper degradation of autophagosomes and, thus, modulation
of lysosomal processing can be reflected in autophagic measures. Previous reports found Mn
decreased lysosome number and increased lysosome size!3. We quantified the number of lysosomes
via Lysotracker in dsRED-LC3-II-expressing STHdh cells. As predicted, CQ increased Lysotracker
puncta in Q7 and Q111 cells. Mn did not affect the number of lysosomal puncta in WT cells, but reduced
puncta slightly in HD cells at 50uM (Fig 4-11E, 4-15, 4-16). This suggests Mn-induced autophagy with
these cells/conditions is not a secondary effect of a Mn-lysosome interaction.

Mn induced autophagy is cation-specific and occurs in a dose-dependent manner

Up to this point our data supported the hypothesis that increasing cellular Mn levels activates
autophagy, but it has been unclear whether this effect was specific for Mn. Many other metals are
capable of modulating autophagy, however, it is unknown whether this is through activation or inhibition
of autophagic flux, or whether this can occur at sub-toxic concentrations3¢-371, To assess whether other
metal cations activate autophagy similarly to Mn at similar concentrations we measured LC3-Il puncta

in dsRed-LC3-lI-expressing Q7 cells after 24hr exposures with Mn, Mg, Fe, Cu, Zn, Ni, and Co with
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Figure 4-11: Mn increases LC3-Il puncta. Quantification of number of LC3-II puncta over number of
DAPI in STHdh Q7/Q7 and Q111/Q111 after 24hr exposures with: A) Untreated (basal), B) Mn
(50/100/200uM), C) CQ (10uM), or D) Mn (50/100/200uM) + CQ (10uM). Quantified as (# of LC3-II
puncta)/(# of DAPI) per image. N=3-4 biological replicates; each with 5 images per condition. Images of
the vehicle treatment (or CQ in panel f) per biological set were all averaged and this value was setto 1.
All other data points in each biological set were normalized respective to this value. Error bars= SEM.
Two-way ANOVA statistics for panel b-d shown in Supp Fig 5. E) Quantification of number of lysotracker
puncta per number of DAPI puncta after 24hr treatment with Mn (25/50/100uM) and/or CQ (10uM) in
STHdh Q7/Q7 and Q111/Q111. Quantified as (# lysotracker puncta)/(# of DAPI) per image. Two way
ANOVA,; treatment= F(5,70)= 9.456; p=<0.0001. N=3 biological replicates with 5 images per set.
Error=SEM. Blue= WT; Red= HD. F) Quantification of LC3-Il puncta after 24hr treatment with Cu, Fe,
Mn, Mg, Ni, Co, or Zn (0/50/100/200uM) with CQ (10uM) for 24hrs. Two way ANOVA; treatment=
F(31,34)= 15.43; p=<0.0001. N=3 biological replicates, each with 5 images per condition. Quantified as
(# puncta)/(# of DAPI) per image. Error bars= SEM. *= significant difference from Veh (b,c,e) or CQ (d,f)
by Dunnet’s multiple comparison test. *P<.05, **P<.01, ***P<.001. Work done with the assistance of
Michael O’Brien and Audra Foshage.
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Figure 4-12: Mn increases LC3-Il puncta- representative images. A, B) Representative images
(40X, Zeiss fluorescent light microscope) of WT Q7/Q7 (A) and HD Q111/Q111 (B) cells after 24hr
exposure with Mn (50/100/200uM) and/or CQ (10uM). *= indicated Mn concentration also exposed
with 10uM CQ. Quantification in Figure 5a-d. C,D) Qualitative scoring of LC3-II puncta severity
following 24hr Mn (25/50/100uM) and/or CQ (10uM) exposure in WT Q7/Q7 cells. Images were
taken by one individual, randomized by a second individual, and graded 0-4 by a third individual. (C)
Representative images for scoring. (D) Quantification of scoring. Error= SEM; N=3 with 3 images
per condition, per set. Mn alone and CQ alone were compared against vehicle, CQ+Mn were
compared to CQ alone. *= significant by student’s t-test compared back to Mn (25-100uM) or CQ
alone (CQ+25-100uM). *P<.05, **P<.01, ***P<.001.
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Figure 4-14: Mn induces p62 puncta. Quantification of number of p62 puncta over number of
DAPI in STHdh Q7/Q7 and Q111/Q111 after 24hr exposures with: A) Mn (50/200/200uM) or
B) Mn (50/100/200uM) + CQ (10uM). Quantified as (# of p62 puncta)/(# of DAPI) per image.
N=3 biological replicates; each with 5 images per condition. Error bars= SEM. Two way
ANOVA, treatment= F(7,223)= 34.24; p=<0.0001. genotype= F(71,223)=4.719; p=.0309. *=
significant difference within genotype by Tukey’s post-hoc analysis. p=<0.0001. P<.05,

*P< .01, **P<.001. C) Representative images of p62 and LC3-1l puncta after 24hr treatment.
p62= green; LC3-1I=red; DAPI= blue.
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Figure 4-15: Representative Lysotracker images
Q7/Q7. Representative fluorescent microscopy (40X,
Zeiss fluorescent light microscope) images of dsRED-
LC3-Il (Red), lysotracker (Green), and both merged with
DAPI (Blue) for Q7/Q7 cells treated with Mn alone
(25/50/100uM) (A) or CQ (10uM) + Mn (25/50/100uM)
(B). Quantification in Figure 4-11E. Work done with the
assistance of Michael O’Brien.
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Figure 4-16: Representative Lysotracker images
Q111/Q111. Representative fluorescent microscopy
images (40X, Zeiss fluorescent light microscope) of
dsRED-LC3-1I (Red), lysotracker (Green), and both
merged with DAPI (Blue) for Q111/Q111 cells treated with
Mn alone (25/50/100uM) (A) or CQ (10uM) + Mn
(25/50/100uM) (B). Quantification in Figure 4-11E. Work
done with the assistance of Michael O’Brien.
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Figure 4-17: Other cations do not increase LC3-Il puncta- representative images.
Representative images (40X, Zeiss fluorescent light microscope) for ds-RED LC3-II (Red) and
DAPI (Blue) in Q7/Q7 STHdh after 24hr exposures with 10uM CQ and 50/100/200uM Cu, Fe,
Mn, Mg, Ni, Co, and Zn. Quantification in Figure 4-11F. Work done with the assistance of
Michael O’Brien.
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cells. LC3-1l puncta induced by other metals (Cu, Co, Zn) trended upward only with higher doses and
this was associated with increased cell death in Zn-treated cells (Fig 4-11F, 4-17). Together, these
data suggest that the ability of Mn to modulate autophagy in these cells is cation-specific, and occurs
in a dose-dependent manner (Fig 4-11F). This specificity further supports the hypothesis that reduced
bioavailable Mn (but not other essential or heavy metals) in HD cells contributes to the observed
autophagic defects.

Mn increases mutHTT aggregate-autophagosome association in 72Q-expressing HEK293 cells

in a dose-dependent manner

Poly-Q aggregates are primarily degraded by autophagy. We hypothesized that Mn treatment
facilitates mutHTT aggregate association into autophagosomes. Our data suggest Mn can activate
autophagy, thus, we posited that Mn promotes mutHTT aggrephagy (autophagy of protein aggregates)
via activation of autophagic flux, possibly via upregulation of p62 (as perturbations in p62 cargo
recognition have been proposed to underlie autophagy-related HD defects). However, Q111 cells do
not produce quantifiable HTT aggregates, thus mutHTT-transfected cell lines are often used*3!. In order
to examine the effect of Mn on mutHTT aggregate loading into autophagosomes, we utilized HEK293
cells which were transfected to express GFP-72Q-mutHTT. These cells produce robust amounts of
aggregates immediately after transfection, which can be easily assessed by fluorescent microscopy.
We quantified the degree to which mutHTT aggregates were proximately located with autophagic
markers, based upon the expectation from previous work by others that LC3 puncta would be
associated with, but not co-localized with, mutHTT aggregates®’2373, We found some mutHTT
aggregates associated closely, but not precisely co-localized, with LC3 puncta after Mn+CQ exposure
(Fig 4-18A). Because autophagy is a process in flux and HTT aggregates are continuously produced,
we utilized CQ to inhibit autophagosome degradation to ascertain whether mutHTT aggregate
clearance was autophagy-dependent in these cells. Consistent with previous reports, 10uM CQ
increased the number of aggregates by ~75% (higher concentrations were cytotoxic) (Fig 4-18B, 4-
19). These data suggest mutHTT clearance is, at least, partially autophagy-dependent in 72Q cells.
We further investigated whether elevated cellular Mn levels increase aggregate-autophagosome
association. We found that a 72-hour exposure to 50 to 100uM Mn treatment in the presence of CQ
significantly increased the number of visible HTT aggregates compared to CQ alone (up to ~2 fold) (Fig
4-18C, 4-19A). Whereas shorter exposures of 24 hours had no effect, with an intermediate effect being
seen after 48 hours (data not shown). We observed no effect with Mn alone, even at the highest
concentrations tested, suggesting Mn is 1) not inhibiting autophagic degradation similar to CQ 2) not

promoting aggregation by itself to increase visible aggregate number and 3) the effect of Mn on
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Figure 4-18: Mn+ CQ but not Mn alone increases the number of HTT aggregates. A) Representative 63X
confocal image of GFP-HTT-72Q aggregates (green) near LC3-1l puncta (red) in transfected HEK293 cells
after treatment with 75uM Mn + 10uM CQ. Includes ZX and ZY view. B) Quantification of relative number of
aggregates after CQ (10uM) treatment for 72hrs. *= significant difference by student’s t-test. C) Quantification
of number of aggregates after 72hr treatment with increasing amounts of Mn + 10uM CQ. Univariate ANOVA;
F(4.085, 98.04)= 5.552; p=0.0004. D) Quantification of number of aggregates after 72hr treatment with
increasing amounts of Mn alone. Univariate ANOVA; F(4.046, 89.02)= 1.369; p=0.2907. Quantification of (C)
is normalized to CQ alone and quantification of (D) is normalized to no treatment. N=3 biological replicates,
each with 10 images. E) Quantification of p62 after 72hr treatment with Mn (25/50/200uM) and/or CQ (10uM),
in 72Q-GFP HEK?293 cells. N=3. Univariate ANOVA,; F(4,8)=5.743; p=0.0177. F) Representative western blot
for HEK72Q p62. *= exposed with 10uM CQ. Error bars= SEM; *P<.05, **P<.01, ***P<.001. *= significance

difference by Dunnet’s multiple comparison tests. Work done with the assistance of Michael O’Brien and
the use of HTT plasmid by the lab of Dr. Vittorio Maglione.
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Figure 4-19: Mn increases the association of autophagosomes with mutant HTT aggregates. a,b)
Representative images in GFP-HTT-72Q transfected HEK293 cells taken at 5X on a Zeiss Fluorescent light
microscope of Mn+CQ (A) and Mn alone (B) with GFP-HTT-72Q aggregates (green). 10uM CQ;
6.25/12.5/25/37.5/50/75/100uM Mn used. DAPI is cropped and inset within each panel at same magnification.
N=3 biological replicates, each with 10 images. Work done with the assistance of Michael O’Brien and
the use of HTT plasmid by the lab of Dr. Vittorio Maglione.
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aggregate number is autophagy-dependent (Fig 4-18D, 4-19B). Furthermore, p62 expression was
significantly upregulated in the presence of Mn+CQ compared to CQ alone, mirroring the effects seen
on mutHTT aggregate number (Fig 4-18E,F). Total LC3 or the LC3-Il/I ratio was unaffected by CQ or
Mn in 72Q cells (data not shown). Together these data suggest Mn can increase aggregate-

autophagosome association in a dose-dependent and time-dependent manner.
Acute Mn treatment ameliorates cargo-recognition failure in Q111 cells

Given our evidence that Mn exposure can activate autophagy and promote aggregate-
autophagosome association, we posited that Mn exposure also promotes proper autophagic function,
particularly in HD cells which exhibit reduced Mn bioavailability. The presence of empty autophagic
vacuoles (APVs), lacking osmiophilic, visible cargo, is one of the most striking cellular phenotypes in
STHdh Q111 cells. This has been attributed to failed interactions between p62 and mutHTT during
autophagosome scaffolding and formation, leading to autophagic “cargo recognition failure”3!, Since
Mn-induced p62 is robust in these cell lines, we hypothesized that our acute Mn treatment protocol,
which causes the upregulation of autophagic flux, could increase autophagosome recognition and
loading. Similar to previous reports by other investigators, we independently confirmed that STHdh
Q111 cells exhibit 2-3 fold more empty/partially full APVs than the WT control STHdh Q7 cells*3?.
Consistent with our hypothesis, 100 uM Mn restoration treatment rescued the number of full APVs to
WT levels after 24hrs (Fig 4-20A,C). This suggests acute, sub-toxic, Mn exposure ameliorates the
autophagy cargo sequestration defect in Mn-deficient HD cells. This suggests Mn upregulates the
amount of osmophilic cellular constituents incorporated into autophagosomes such as endosomes, ER,
and mitochondria. We also found that 100 uM Mn decreased the number of empty APVs in WT cells
to <5% of total autophagosomes, suggesting that this Mn-induced effect is not necessarily HD-specific
(Fig 4-20B).

Discussion

Numerous studies have observed Mn-induced autophagy but most of these studies based their
findings on “snapshot” assessments of autophagy and utilized limited methodology, without
pharmacologically manipulating autophagic degradation®0:133.290.356.357  Aytophagy is a complex
biological process which is constantly in flux (autophagosome synthesis vs. degradation). Thus, to
properly study the effects of Mn on autophagic flux, we inhibited autophagosome degradation with CQ
and BafA, known lysosomal inhibitors. We found that Mn upregulates expression of two key autophagy

99



= Empty 3 Partial Bm Full

[—— * %k %

100

50

% total autophagosomes

AN N
X Vv < \QQ

n.s. (p=0.48)

% %k
* % ¥

% total autophagosomes

Figure 4-20: Acute Mn exposure attenuates empty autophagic vacuole phenotype in Q111 STHdh cells. A)
Representative Transmission Electron Microscopy (TEM) images of STHdh WT Q7/Q7 (blue) and HD Q111/Q111
(red) cells with no treatment (Veh) or 200uM Mn for 24hrs. Some autophagosomesmarked with black arrows in HD
cells. B,C) Quantification of empty, partial, or full autophagosomes after 24hr treatment with 25/50/200uM Mn in
STHdh WT Q7/Q7 (B) and HD Q111/Q111 (C) cells. Note: For panel C, vehicle-treated WT is re-plotted on the left
for comparison. 15-20 images per condition were analyzed across two independent TEM sections from two
independent biologically experimental sets giving a technical n= ~30-40 per condition. Error bars= SEM; *=
significant difference by chi-square analysis. *P<.05, **P<.01, **P<.001. Work done with the assistance of

Michael O’Brien.
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proteins—LC3-Il/l and p62—in the absence or presence of saturating concentrations of CQ or BafA.
Given our current understanding of autophagy, our data thus demonstrate that Mn increases
autophagosomes induction/formation in neuroprogenitor-like cells types (Fig 4-1, 4-3). Induction of
autophagy appears to be specific to Mn, since eight other metals tested did not increase LC3-Il puncta
(in the presence of CQ) when applied at sub-cytotoxic concentrations (Fig 4-11F). The mechanism by
which Mn increases the LC3-1l/l and p62 expression does not involve the upregulation mRNA
expression (Fig 4-5F). Given the results of our study, future studies should determine whether basal
levels of Mn play a role in modulating normal autophagic function, or whether this effect only occurs

under high, exogenous concentrations of Mn.

While our study provides strong evidence that increasing cellular Mn levels can activate
autophagy, future studies are needed to explore the mechanism by which Mn activates autophagy and
if Mn also plays a role in modulating autophagic function at basal levels. Our study does offer some
clues. First, we show that Mn-induced p62 is PI3K-dependent, as LY294002 completely abrogates Mn-
induced p62 in STHdh cells (Fig 4-1F). These results are consistent with other published work
suggesting LY294002 actively inhibits p62 synthesis and autophagy3’4. This has been hypothesized to
occur via inhibition on Class Il PI3K (VPS34), an early autophagy protein which interacts with Beclin,
rather than Class | PI3K which canonically acts upstream of the AKT pathway374-36, Furthermore,
rapamycin had no effect (Fig 4-1D,F), suggesting Mn induced autophagy is independent of mTOR,
despite of its involvement in the regulating of autophagy'?*. Additionally, we observed increased p62
and LC3Il/l expression after exposure with NU7441, a DNApk inhibitor which is consistent with previous
reports suggesting NU7441 can activate autophagy (though the mechanism is unclear) and causes
radiosensitization in cancer cells leading to selective autophagic cell death. When cells were co-treated
with Mn, this caused additive increases in p62 and LC3Il/I expression, providing additional proof-of-
principle that Mn can activate autophagy. Interestingly, addition of NU7441+Mn normalized Mn-induced
autophagy in the Q111 cells (Fig 4-2A,B). However, this interaction between NU7441, Mn, and
autophagy remains unclear because 1) the mechanism by which NU7441 and DNApk inhibition
increase autophagy is unknown 2) NU7441 inhibits PI3K at concentrations of 5uM or higher300.361.362
yet exhibits the opposite trend on autophagy as LY294002, a specific PI3K inhibitor and 3) NU7441
can actually decrease Mn uptake in STHdh cell at concentrations of 5SuM or higher because it inhibits
PI3K’0, Thus, while this interaction is interesting, specific complexities prevented fruitful follow-up

studies.

Secondly, previous reports suggest that in microglial cells Mn-induced autophagy is dependent

on ATG53%%, We found that Mn-induced autophagy is unaffected by ATG5 siRNA-mediated knock-
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down, a protein heavily involved in the formation of autophagosomes, suggesting Mn-induced
autophagy is not ATG5-dependent (Figure 4-21). However, this knockdown was only partially effective
(~40-50% free ATG5 knockdown, no knockdown of ATG5-12 complex), so it is unclear whether the
remaining pool of ATG5 could compensate for the knockdown. Ma et al. recently demonstrated Mn-
induced iNOS increased s-nitrosylation of JNK and Bcl-2, which affects interactions between Bcl-2 and
Beclin-13%8, In our study, we found that a 24hr exposure to 50 um Mn (or CQ/BafA) did not affect Beclin-
1 expression (Fig 4-6A), thus we don’t believe this mechanism is driving Mn-induced autophagy in our
cells. As Mn is a known co-factor for many kinases (PI3K, insulin/IGF receptor, ATM) which are
implicated in autophagy, it is possible that Mn activates autophagy via a specific set of these
kinases?84.377.378  Additionally, while Mn does not seem to greatly affect mMRNA expression of autophagy
proteins, Mn could help stabilize p62 or LC3 protein expression via interactions with the proteasomes"°,
Nrf2 and KEAP1 signaling have also been heavily implicated in Mn exposure and are known to be
activated by p62380.381 Given these results, future studies should investigate whether Mn-induced Nrf2
signaling is mediated via Mn associated p62 expression. Lastly, Mn is a co-factor for PP2A
phosphatase which has been proposed to regulate axonal transport of autophagosomes?03:382,
Furthermore, PP2A also complexes with MID1, a ubiquitin ligase, and can regulate translation of muthtt
mRNA323, Together, these may provide a mechanism by which Mn regulates autophagy and mutHTT

protein expression.

This study is the first, to our knowledge, to provide evidence that inhibiting autophagy can
increase net Mn uptake (Fig 4-9). While we cannot distinguish whether CQ and BafA (lysosomal
autophagy inhibitors) increase intracellular Mn by upregulating influx or decreasing efflux, the data are
consistent with previous reports suggesting lysosomes are a common storage organelle for intracellular
Mn384-386_ The mechanism(s) underlying neuronal Mn homeostasis and transport have long been a
“pblack-box,” and few Mn-specific transport routes have been elucidated®2. Our study suggests that
autophagy is a novel and poorly understood mechanism of neuronal Mn transport (and possibly
responsible for the Mn-uptake defect in HD cells), though further studies assessing basal neuronal Mn

levels in different autophagy models are needed.

We set out to explore the impact of reduced bioavailable Mn on autophagic function in HD. We
found that Mn-induced autophagy is blunted in cellular models which exhibit reduced Mn uptake?&!82,
Furthermore, we found that lysosomal autophagy inhibitors (CQ and BafA) increase net Mn uptake. In
Q111/Q111 HD cells, these inhibitors normalize Mn uptake, thereby ameliorating the defects in Mn-
induced autophagy (Fig 4-5, 4-9). This demonstrates that reduced Mn bioavailability in these cells

hampers activation of Mn-induced autophagy, and that normalizing intracellular Mn can effectively
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Figure 4-21: ATG5 siRNA
knockdown in STHdh cells
does not inhibit Mn-induced
expression of LC3 and p62.
A) Representative western blot
for WT (non-siRNA treated),
ATG5 siRNA-treated, and
scrambled siRNA-treated
Q7/Q7 STHdh cells for ATG5-
12 complex, free ATG5, p62,
and LC3. Cells were treated
with Mn, CQ, BafA for
combination for 24hrs, 48hrs
post-transfection with siRNA.
B) Quantification of free ATG5
(from vehicle lane) for each
treatment. C) Quantification of
ATG5-12 complex (from
vehicle lane) for each
treatment. D-E) Quantification
of p62 (D) and LC3Il/I (E) after
treatment with Mn, CQ, or
CQ+Mn for 24hrs. F-G)
Quantification of LC3-1l puncta
after treatment with Mn (0-
200uM) or (G) CQ+Mn (10uM;
0-200uM). For LC3-Il puncta,
10 images per condition were
taken for three individual
biological replicates (separate
SiRNA knockdown
experiments) were quantifed.
Error bars= SEM; *= significant
by 95%Cl in B-C. Two-way
ANOVA was performed on
data for D-G and statistical
significance of treatment or
SiRNA KD are listed in top left
of graphs. Work done with
the assistance of Michael
O’Brien.



attenuate this defect. Perhaps the most notably autophagy-related defect in HD is the presence of
empty autophagic vacuoles, devoid of osmophilic cargo, due to “cargo-recognition failure”3L. In this
study, we have recapitulated this phenotype in Q111 cells (~50% empty or partially full APVs). Further,
we found that rescue of a Mn deficit condition by restorative treatment with 100uM Mn for 24hr
eliminated this defect (Fig 4-20). Lastly, positing that Mn is facilitating cargo-loading in HD cells, we
wanted to know whether Mn also facilitates the packaging of mutHTT aggregates into
autophagosomes. As Q111 cells do not produce HTT aggregates, we utilized transiently transfected
HEK293 cells with GFP-tagged, 72Q mutHTT. While these results do not confirm whether Mn can
increase aggregate clearance itself, as we did not observe an effect on aggregate number by Mn alone,
we found that treatment with CQ and Mn caused a significant (~2-fold) increase in the number of
aggregates compared to CQ alone (Fig 4-18, 4-90). Our current understanding of autophagic
processing and the effects of CQ lead us to hypothesize that Mn facilitates cargo loading and mutHTT
aggregate packaging into autophagosomes in HD cells. At present, it is unclear why Mn+CQ exposure
is able to increase the total number of visible aggregates. Mn alone does not change aggregate number
suggesting that Mn does not promote aggregation. If Mn exposure increases aggregate packing into
autophagosomes, Mn+CQ should only change the localization of aggregates (outside autophagosomes
to inside autophagosomes) since autophagy-mediated clearance is blocked, but this treatment should
not increase the total number of visible aggregates. However, we suggest two possible ways Mn+CQ
may result in increased number of visible aggregates: either 1) Mn inhibits the proteasome and shunts
aggregates to autophagy, allowing aggregates that would have previously been degraded by the
proteasome to be visualized; or 2) Mn helps package small mutHTT “seeds,” precursors to mutHTT
aggregates, into autophagosomes (perhaps by stalling autophagic processing), thus increasing GFP
signal and concurrently, the visible number of aggregates. Further studies manipulating the proteasome
(i.e. using MG132) or investigating aggregates at a higher resolution (which can detect mutHTT seeds),
are needed to confirm either of these hypotheses. These studies are needed to address whether
elevating cellular Mn levels would increase mutHTT aggregate clearance, or merely increase the
association between autophagosomes and mutHTT aggregates. An inducible mutHTT system would

provide the ideal model to test whether Mn-induced autophagy truly increases aggregate clearance.

Martinez-Vicente and colleagues posit that the cargo recognition failures in HD may be due to
an abnormal association between mutHTT and p62, a key protein for recognizing autophagosomes
with polyubiquinated aggregates and organelles!3. Given the robust increase in p62 expression after
Mn treatment (even under saturating CQ conditions), we hypothesize Mn-induced p62 expression may
promote cargo recognition. Additionally, p62 directly associates with the adapter protein ALFY, which
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also facilitates autophagic degradation of protein aggregates. Of particular interest, overexpression of
ALFY has led to significant reduction in HTT aggregates in Drosophila HD models387:388, Further
research should investigate whether Mn also increases expression of ALFY, in addition to p62, which

may further explain its effects on cargo sequestration.

At first glance, our results are quite contrary to the recent findings of Harischandra et al., which
describe the ability of Mn to promote exosome transmission of alpha synuclein aggregation-inducing
miRNAs38, There could be several reasons for the discrepancy between our findings and Harischandra
et al’'s. First, the mechanisms of PD and alpha synuclein pathology compared to HD/mutHTT are
similar, but distinct. Mn could have entirely different effects on alpha synuclein aggregation than
mutHTT aggregation, particularly in HD cells which exhibit reduced, brain-bioavailable Mn. Second,
these findings were observed under toxic Mn concentrations while ours have focused on high, yet sub-
cytotoxic exposures. Third, it is quite possible Mn could have both positive and negative effects on
aggregation. Though our results pinpoint a therapeutic facet of Mn replacement therapy, this treatment
could very well have off target effects (potentially through exosome-mediated miRNA transmission)
which could promote aggregation. Altogether, these data warrant further investigation into the

differential effects of Mn on autophagy/proteasome function and PD/HD.

Although our data strongly suggest that Mn activates autophagic vesicle formation, it does not
exclude the possibility that Mn could both activate autophagic flux by elevating autophagosome
formation while inhibiting the processing of autophagosome maturation and fusion with lysosomes. If
this is the case, it is possible that the effect Mn has on filling autophagosomes is actually driven by the
slowing of autophagosome processing. As seen in Fig 4-22 exposure with CQ or BafA alone in Q7, or
BafA alone in Q111, significantly increases the number of full autophagosomes by EM, similar to Mn
exposure. We hypothesize that Mn, CQ, and BafA are inhibiting autophagosome degradation, stalling
autophagosome processing long enough for HD cells to package more cargo into them. This may
explain why Mn+CQ exposure increases the number of mutHTT aggregates, by slowing down
autophagy processing and allowing for greater accumulation of mutHTT aggregates into

autophagosomes.

Autophagy activators have long been studied in the context of HD as a potential therapy for the
disease—primarily via upregulation of autophagy-mediated degradation of mutHTT aggregates.
Fasting, IGF-treatment, upregulation of AMPK, and most commonly, modulation of mTOR, have all

been investigated as potential HD therapies with promising results on a variety of cellular and in vivo
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Figure 4-22: Lysosomal autophagy inhibitors increase the percentage of full
autophagosomes in HD cells. A) Quantification of empty, partial, or full
autophagosomes as graded by electron microscopy images in STHdh WT Q7/Q7 and
HD Q111/Q111 cells following 24hr exposure with CQ (10uM) or BafA (10nM). These
images were taken from the exact same samples as Figure 8 and judged during the
same process by the same individual. *= significance by chi-square analysis. *P<.05,
**pP<.01, **P<.001. Work done with the assistance of Michael O’Brien.
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pathologies®7:101,104,125,126,350,351,390-393 - Qur study suggests that Mn treatment may also be a viable
therapy by modulation of autophagy and autophagy-related HD pathologies. Furthermore, as our lab
has shown, there is reduced bioavailable Mn in HD models, and Mn treatment could target a
contributing cause of defective autophagy (reduced net Mn uptake), rather than merely upregulating
the autophagy process, to combat disease pathology and at the same time benefit other Mn enzymatic
pathways affect by HD, such as arginase in the urea cycle3.

Conclusions

We demonstrate that the essential metal, Mn, is capable of activating autophagy in mouse and
human-derived neuroprogenitors at sub-toxic concentrations via the use of pharmacological inhibitors
and complementary autophagy methodologies. Furthermore, Mn treatment attenuates the well-
characterized autophagic cargo recognition failure phenotype in HD cells and can increase
autophagosome-aggregate association, suggesting Mn can facilitate cargo sequestration, including
autophagic sequestration of HTT aggregates. Together these findings provide novel evidence that Mn-

centric therapies could remedy autophagy-related phenotypes in HD and warrant further investigation.

Materials and Methods

Immortalized cell culture

The immortalized, murine striatal cell lines (STHdhQ7/Q7 and STHdh Q111/Q111) were obtained from
Coriell Cell Repository (Cambden, NJ). Cells were cultured in Dulbecco’s Modified Eagle Medium
[D6546, Sigma-Aldrich, St. Louis MO] supplemented with 10% FBS [Atlanta Biologicals, Flowery
Branch, GA], 2 mM GlutaMAX (Life Technologies, Carlsbad, CA), Penicillin-Streptomycin, 0.5 mg/mL
G418 Sulfate (Life Technologies, Carlsbad, CA), MEM non-essential amino acids solution (Life
Technologies, Carlsbad, CA), and 14mM HEPES (Life Technologies, Carlsbad, CA). They were
incubated at 33°C and 5% COz2. Cells were passaged before reaching greater than 90% confluency
and were never passaged past the recommended 14" passage. The cells were split by trypsinization
using 0.05% Trypsin-EDTA solution (Life Technologies, Carlsbad, CA) incubated for five minutes. One
day prior to exposure, cells were plated in the appropriate cell culture plate type at 8x10* cells/mL for
WT and 1x10° cells/mL for HD. HEK293 cells were a generous gift from William Tansey. HEK293, 3T3,
SH-SY5Y, and Neuro2A cells were maintained at 37°C and treated in high glucose DMEM with L-
glutamine and (Corning CV-0013) and Penicillin/Streptomycin, and cells plated at 100,000 cells/mL for

experiments.
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hiPSC cell culture

Islet-1 positive hiPSC-derived neuroprogenitor cells were differentiated as previously described
using iPSCs from three separate control and HD patients?’. HD patient mutant alleles were 58, 66, and
70 CAG repeats. All hiPSC lines were confirmed to be pluripotent (PluriTest- Expression Analysis,
Durham, NC) have normal karyotypes (Genetics Associates, Nashville, TN). Additionally, a subset of
cells was fixed with 4% paraformaldehyde for 15 minutes and immunocytochemistry was performed to
ensure all cultures expressed Islet-1. For experiments, differentiated cells from the Islet-1 positive cells
were plated at 300,000 cells/mL at day 10 of differentiation. At day 11, rock inhibitor containing media
was taken off of cells are replaced with fresh media containing purmorphamine (.65uM). For 24hr
exposures, cells were exposed to Mn and/or small molecules in day 11 differentiation media containing

purmorphamine.
Inhibitors/metals

Chloroquine diphosphate, bafilomycin A, KB-R7943, 3 methyladenine, and LY294002 were
purchased from Tocris Biologicals. Inhibitors were used at following concentrations unless otherwise
stated: Chloroquine diphosphate= 10uM, Bafilomycin A= 10nM, KB-R7943= 10uM, 3 methyladenine=
5mM, LY294002= 7uM. The following metallic compounds were used as sources for the metal
exposures: Mn= MnCl2-4H20 (Sigma Aldrich, St. Louis, MO), Fe=FeCls (Sigma Aldrich, St. Louis, MO),
Cu=CuCl2-2H20 (Alfa Aesar, Ward Hill, MA), Mg=MgCl2-6H20 (Alfa Aesar, Ward Hill, MA), Ni=NiCl2-
6H20 (Alfa Aesar, Ward Hill, MA), Co=CoCl2-6H20 (MP Biomedicals, Solon, OH), Zn=ZnCl2 (Acros
Organics, Morris, NJ).

Cellular Fura-2 Manganese Uptake Assay (CFMEA) was performed as described previously?62.
Western blot

Protein samples were prepared by scraping cells into ice-cold PBS, centrifuging, and adding
RIPA buffer containing protease (Sigma-Aldrich, St. Louis, MO) and phosphatase inhibitor cocktails 2
& 3 (Sigma, Sigma-Aldrich, St. Louis, MO) to the pellet. After gentle homogenization, cells were
centrifuged at 4°C for 10 minutes at 20,000 g. Protein concentration was quantified using the BCA
assay (Peirce Technologies) with a BSA standard curve. Samples were mixed with 5x SDS loading
buffer containing 1% 2-mercaptoethanol and boiled for 5 minutes. 15 ug of protein was loaded for each
sample onto a 4-15% pre-cast gel SDS-PAGE gel (BioRad, Hercules, CA) and run at 90V for 120
minutes. The protein bands were then transferred onto nitrocellulose membranes using iBlot Gel

Transfer Device (Life Technologies). The remaining gel was stained with IRDye Blue protein stain (LI-
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COR, Lincoln, NE). Since the gels retained ~1/3 of the original protein after transferring with the iBlot,
we imaged the stained gel on the Li-Cor Odyssey Imaging System and quantified the intensity entire
lane from ~150-20 kDa. This value was used to normalize the values of immunostained bands. The
membrane was blocked in Odyssey Blocking Buffer for one hour prior to the addition of the primary
antibodies. The primary antibodies were diluted 1:1000 in Odyssey Blocking Buffer containing 0.1%
TWEEN and incubated overnight. After washing 5 times for 5 minutes in TBST, membranes were
incubated with secondary antibodies at 1:10,000 (LiCor, Lincoln, NE) for 1 hour. Membranes were
imaged using the Li-Cor Odyssey Imaging System, and quantification was performed using Image
Studio Lite (LICOR, Lincoln, NE). LC3A/B (4108), p62 (5114) antibodies were purchased from cell
signaling technologies and used at 1:1000 dilution except LC3A/B was used at 1:500. LC3 was
guantified at the ratio of LC3-1l divided LC3-1. Note that the doublet for p62 in Figure 2A is consistent
with previous reports in neuronal cell types3®3, but this is different from the non-specific band near p62

in Figure 4A which appears after probing for LC3 in the hiPSC-derived neuroprogenitors.
Gene expression analysis

STHDH Q7/Q7 (referred to as Q7) and Q111/Q111 (referred to as Q111) cells were plated in 6-
well plates and treated with Mn and/or lysosomal autophagy inhibitors. After 24 hours, cells were lysed
in 1mL of TRIzol® Reagent (CatNo. 15596) and stored at -80°C until use. Total RNA was extracted
using TRIzol® Reagent, according to the maunfacturer’'s User Guide (Invitrogen, Carlsbad, CA). RNA
was DNAse | treated, following the NEB DNase | Reaction Protocol (M0303) (New England BioLabs®
Inc, Ipswich, MA). cDNA was generated on Bio-Rad Laboratories’ S1000™ Thermal Cycler, using 50uM
Random Hexamers (P/N 100026484, Invitrogen, Carlsbad, CA), 50U MuLV Reverse Transcriptase
(P/N 100023379, Applied Biosystems, Foster City, CA), 10mM dNTPs (CatNo. N0446S, NEB, Ipswich,
MA), 20U RNAse, Inhibitor (CatNo. N8080119, Applied Biosystems, Foster City, CA), 25mM MgCl2
(P/N100020476, Applied Biosystems, Foster City, CA), 10x PCR Buffer Il (RefNo. 4486220 Applied
Biosystems by Life Technologies, Austin, TX), and lug of extracted RNA, and using the following
cycling times: 25°C for 10 min, 42°C for 60 min, 99°C for5 min, 5°C for 5 min, 4°C forever. Q-RT-PCR
was performed on Eppendorf's Mastercycler® epGradientS Realplex?, using KAPA SYBR® FAST
gPCR Master Mix (2X) Universal according to the manufacturer's recommendations (KM4101, KAPA
Biosystems, Wilmington, MA). Sequences of primers used are below. Expression of LC3B and p62
gene products were normalized to levels of PGK1, and plotted as induction over vehicle-treated
samples. Primer sequences as follows: mpgkl F2 GCTATCTTGGGAGGCCTAA; mpgkl R2
AAAGGCCATTCCACCACCAA; p62 (SQSTM1) forward 5’-GATGACATCTTCCGCATCTACA-3’; p62

(SQSTM1) reverse 5-TGCAACCATCACAGATCACA-3; LC3B (Map1lc3b) forward 5'-
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CGTCCTGGACAAGACCAAGT-3’; LC3B (Map1lc3b) reverse 5-CCATTCACCAGGAGGAAGAA-3’;
MATGS FWD GATGGACAGCTGCACACACT; mATGS REV TTGGCTCTATCCCGTGAATC

pQCXI DsRED-LC3-1l Retrovirus Production and Transduction

HEK 293T cells were plated at 2.5 x 10° cells per 6cm dish, and maintained in DMEM
supplemented with 10% FBS and 100 IU/ml Penicillin. The next day, HEK 293T’s were transfected
using 8 pg pQCXI Puro DSRED-LC3-GFP plasmid (from Addgene#31182) and 4ug pCL10A (from
Imgenex), 168 pL sterile water, 20 uL 2.5M CacClz, and 200 pL HBS. The following day, media was
changed on transfected HEK 293T’s to standard STHDH Q7/Q7 and Q111/Q111 cell media. Q7 and
Q111 were also plated with 40,000/50,000 cells/mL, respectively into 6-well plates. 24 hours later, viral
supernatant was collected from HEK293 cells, 0.45 uM sterile filtered, and 8 pg/mL final concentration
of Hexadimethrine bromide was added — viral supernatant was incubated with Hexadimethrine bromide
at room temperature for 5 minutes. Media was then removed from Q7 and Q111 cells and replaced
with virus-containing media. Q7 and Q111 cells were transduced following this same procedure two
more times over the next two days. After 3 total days/rounds of transduction, media was replaced with
standard media and cells were given 24 hours to recover before selection with Puromycin at 1ug/mL
for roughly 48 hours. The population was maintained in low dose Puromycin for expansion, then frozen
down. For all LC3-II IF experiments (aside from severity score experiment), cells were thawed in normal
media and immediately used. Though this plasmid should express LC3I in GFP and LC3lIl in dsRed,
we found that the GFP signal after transduction was very weak and diffuse and did not offer
guantificational benefit. However, as only LC3Il is expressed in dsRed (not LC3I), this methodology
allows for specific localization of LC3II which cannot be picked up via an LC3 antibody (as both forms
are detected). Once these images were quantified, the images were decoded to reveal exposure
conditions and averaged together for final values. For p62 immunofluorescence, cells were
permeabilized in .2% triton in PBS for 20 minutes following fixation with 4% paraformaldehyde for 15
minutes. Cells were incubated overnight at 4°C in 1:100 primary antibody (Abcam #ab56416) in 5%
normal donkey serum (Jackson Immunoresearch #3017-000-121) with .05% triton. The following day,
cells were washed with .05% triton and incubated with anti-mouse-488 secondary for 3 hours. Cells
were washed three more times and incubated with Hoecst (1:2000) for 10 minutes. Cells were washed
three more times and imaged. For LC3-1l and p62 puncta quantification, Cell Profiler was used to

detect the number of LC3-1l puncta and cells per image.

For the LC3 severity score assay, STHdh Q7/Q7 and Q111/Q111 cells were transfected with the
pQCXI Puro DsRED-LC3-GFP plasmid (Addgene#31182) using Mirus TransIT-LT transfection reagent
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(Madison, WI) following manufacturer’s protocol. Plasmid was transformed into DH5 alpha E.coli,
colonies were picked and inoculated in LB broth, and plasmid DNA was isolated via Qiagen Maxi Prep
kit. Cells were plated at 100,000 cells/mL 18-24hrs prior to transfection in a 6-well plate. 2.5 ug of
plasmid and 7.5ul of TransIT-LT were combined in 250ul of serum-free Opti-MEM per well. This was
added dropwise into the media in the well. 24 hours after transfection, cells were selected with 2.5ug/pL
of puromycin for 3 days. These cells were plated at 50,000 cells/mL and 16-24 hours later, the cells
were exposed with manganese or small molecules. Cells were then fixed with 4% paraformaldehyde
for 15 minutes after 24 hours and nuclei were stained with Hoecst stain. Images were taken using a
Zeiss ObserverZ1 Light microscope by an investigator blinded to the exposures. For LC3-II severity
scores, a second, blinded individual designated each image with an arbitrary code name. A third person
then blindly scored each cell by severity (none-low, mild, medium, high, or severe) using the

representative scale in Figure 4-12C.

For lysotracker imaging, LC3-1l expressing STHdh cells were exposed for 24hrs and then stained
with 50nM lysotracker Deep Red (L12492, Invitrogen) and DAPI for 30 minutes. Cells were washed 3X
with fresh media and immediately imaged. Cell profiler was used to detect the number of lysotracker

puncta and cells (DAPI) per image.
Electron Microscopy

Electron microscopy was carried about by the Vanderbilt Cell Imaging Shared Resource (CISR).
Samples were washed, fixed, and prepared as designated by the core. Methods are as follows:
Samples for electron microscopy were rinsed in 0.1M cacodylate buffer, fixed in 2.5% glutaraldehyde
in 0.1M cacodylate buffer and post-fixed in 1% osmium tetroxide. Following fixation, the samples were
dehydrated through a graded series of alcohol and embedded in Embed 812 resin. Thin sections were
cut and observed at 100 keV with a Tecnai 12 electron microscope (FEI/Thermo Fisher). TEM images
were taken by a CISR technician who was uninformed of any hypotheses. Roughly 8-15 images were
taken for each condition across two separate biological replicates, each with two separate sections.
Autophagosome loading status (i.e. empty, partial, full) were assessed by a single blinded individual
after all images were randomized by a separate individual. Empty<10% full, partial>10%,<90%,

full>90% as assessed by eye.
GFP-HTT 72Q HEK293 cells

The exon-1-72Q-HTT-GFP-pCDNAS3.1 plasmid was prepared in Dr. Vittorio Maglione’s lab
(Italy). Plasmid was transformed into DH5 alpha E.coli, and grown on ampicillin plates. Colonies were
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picked and inoculated in LB broth, and plasmid DNA was isolated via Qiagen Midi Prep kit. HEK293
cells were transfected with 1ug/pl plasmid using Mirus LT. 24hrs after transfection cells were split. 48
hours after transfection, cells were assessed to confirm aggregate production and were frozen down
so that a new vial could be used for each set of experiments. Cells were plated at 100,000 cells/mL
and treated 16-24hrs after plating. Cells were treated for 24hrs with Mn and/or chloroquine and fixed
with 4% paraformaldehyde for 15 minutes at room temperature. Cells were later stained with Hoecst
stain prior to imaging. GFP-tagged HTT was visualized using a Zeiss ObserverZ1 Light Microscope.
Cell Profiler was used to quantify the number of aggregates (GFP puncta) and cells (Hoecst) per image.
Confocal imaging was performed on LSM 710 META Inverted microscope by a Vanderbilt Cell imaging
Shared Resource (CISR) technician, and images were viewed using Ziess Zen Black Software. For
confocal imaging of LC3 puncta, an LC3A/B antibody (Cell signaling 4108) was used which detects
both LC3I and LC3Il. This is different from the virally transduced pQCXI dsRED-LC3-Il expressing
STHdh which only express the lipidated LC3-1l form under dsRED.

siRNA ATG5 knockdown

The transfection was conducted using Lipofectamine® RNAIMAX Transfection Reagent from
ThermoFisher Scientific and ON-TARGETplus Mouse ATG5 siRNA (Cat# L-064838-00-0005) from
Dharmacon, with the scrambled condition as Silencer™ Negative Control No. 1 siRNA (Cat# AM4611)
(ThermoFisher Scientific). For each transfection, 9 uL RNAiMax and 15 pL of 5uM scrambled siRNA,
or 15 pL of 5uM ATG5 siRNA, in a total volume of 250uL of TE buffer were used per well of a 6-well
plate. Q7/Q7 STHdh ds-RED-LC3II Cells were plated at normal plating density into 6-well plates and
grown for 16-24 hours prior to siRNA transfection. After transfection, cells were cultured for an
additional 24hrs. The following day these cells were split once more for experiments into 6-well plates
for western blot or 96-well plates for immunofluorescence. 16-24hrs later, cells were exposed with Mn
and/or CQ/BafA for 24hrs. 72hrs after siRNA transfection, cells were then processed for western blot

or immunofluorescence to detect LC3/p62 or LC3-1l puncta, respectively.

Statistical analysis

For most statistical tests, GraphPad Prism v8.0.1 was used. Most data are shown as linear fold
change versus vehicle controls to ease data interpretation. However, all data that was analyzed by
ANOVA was converted to log values to better approximate a normal distribution prior to statistical
analysis. For experiments in which data is graphed in comparison to a unitary value of a vehicle control

(=1); raw, unnormalized data were first converted to log values and underwent ANOVA analysis. When

112



data sets were significant by ANOVA, post-hoc multiple comparisons tests were used to determine
specific differences within data sets. For analyses between all possible treatment and genotype groups,
Tukey’s test was performed. For analyses comparing data back to a specific condition only, Dunnet’'s
or Sidak’s tests were performed. For the majority of data sets, paired analyses were used as all samples
were collected as full sets. For a few data sets which two groups were specifically compared, a paired
student’s t-test was used. Microscopy data including LC3 puncta, lysotracker, and HEK293 72Q were
all quantified using CellProfiler 3.0.0. Most representative sets of microscopy images were brightened
so that they could be more easily interpreted by the reader, but these images were not adjusted prior

to quantification. If this was performed, all images were equally brightened.
Authors’ contributions:

MRB and ABB designed all experiments. MRB performed most data analyses on western blot and
microscopy data. MRB, MO, KN, DR, RN, and MU carried out cell culture and experiments for all
figures. AMF generated LC3-expressing STHdh cell lines and performed all gRT-PCR. PJ carried out
hiPSC-derived cell culture and differentiations. AP and VM generated and shared the 72Q-GFP
plasmid. ZZ and MA assisted in experimental design and interpretation. All authors read and approved

the final manuscript.
Acknowledgments:

Experiments/Data analysis/presentation of all Electron Microscopy studies were performed in part
through the use of the Vanderbilt Cell Imaging Shared Resource (supported by NIH grants CA68485,
DK20593, DK58404, DK59637 and EY08126). CRISPR sequencing was done by GeneWiz (South
Plainfield, NJ) and single-cell sorting was performed by the Vanderbilt Cell Imaging Resource Center.
The graphic in Figure 4-1 was designed in BioRender. We would also like to thank many other members
of the lab including Dr. Anna Pfalzer, Dr. Diana Neely, Dr. Terry Jo Bichell, Dr. Bingying Han, Dr. Emily
Warren, Kyle Horning, Jordyn Wilcox, Yueli Zhang, and llyana llieva for technical expertise and for
thoughtful assistance with experimental design and interpretation.

113



CHAPTER 5
FUTURE DIRECTIONS AND GLOBAL DISCUSSION

Introduction

In this chapter, | will review and discuss unpublished data which may provide future avenues of
investigation. Additionally, in the global discussion, | will review limitations of this thesis’ work and how
to potentially remedy these. A primary focus will be how to determine which effects of Mn are most

biologically relevant and translational for future studies.

Results

The effects of CRISPR-mediated HTT loss-of-function on Mn uptake and Mn-induced IGF

signaling and autophagy

Mutant HTT likely causes both gain-of-function (GOF) and loss-of-function (LOF) phenotypes
via gain of mutant toxicity and loss of WT function 3%43%,_ Recently, this has become even more
important as many developing therapies, including anti-sense oligos, are aimed at reducing both WT
and mutant alleles 3°73%, Recent studies examining the effects of loss of WT HTT function have
revealed highly different results—revealing that, depending on the model and experimental context,
loss of WT HTT function may improve some aspects of disease pathology while exacerbating others3%°-
403 We wanted to examine whether the observed reduced Mn uptake and Mn induced p-AKT in HD
cells is a GOF or LOF mutation. In order to assess this, we utilized the CRISPR-Cas9 system to target
exon 2 of HTT with a single 18 bp gRNA sequence (Fig 5-1B) 4%4. We transfected STHdh Q7/Q7 and
Q111/Q111 cells with the PX459 plasmid encoding both Cas9 and our sgRNA. Transfected populations
underwent puromycin selection and subsequently underwent single-cell sorting into 96 well plates.
Clones were collected and sequenced for indel formation utilizing two separate primer sets (Fig 5-1A,
G). Interestingly, more than 2 indels were observed in the clones isolated (Fig 5-1G). This is consistent
with mostly-hypertetraploid phenotype detected in these cells*%>. We confirmed partial or complete loss
of HTT protein expression by two separate HTT antibodies (MAB2166, CST5656) (Fig 5-1D, E).
Interestingly, we observed HTT mRNA at exon 3, 12, and 55 was increased in those same clones which
lack HTT protein expression. (Fig 5-1F). We hypothesize that the indels generated by our CRISPR
construct do not result in non-sense mediated decay of HTT mRNA, but rather a decrease in translation

or increase in degradation of the HTT protein itself.

We first assessed Mn uptake via CFMEA in the STHdh Q7/Q7 and Q111/Q111 and their KO

counterparts. We found that loss of HTT restored Mn uptake to WT levels in Q111-KO. Furthermore,
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Figure 5-1: Validation of CRISPR-based HTT knockout cell lines. A) Sequences for WT and KO STHdh
Q7/Q111, CRISPR sequence is highlighted. B) map of CRISPR cutsite within exon 2 of HTT. C)
Representative PCR product flanking CRISPR cutsite. Western blot for HTT with D) (mAB 2166), E) CST
(5656) in WT and CRISPR KO clones. F) Quantification of HTT mRNA in STHdh cells and KO lines. G)
Quantification of relative indels and percentage of occurrence, respectively. Work done with the assistance
of Daniel Rose and Rachana Nitin.
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Figure 5-2: Assessing the effects of WT and mutant HTT in Mn-induced pAKT A) Representative
blot of p-AKT expression in STHdh Q7/Q7, Q111/Q111, and their counterpart CRISPR KO clones.
Cells were exposure for 3hrs in HBSS with 10nM IGF1 with 200/500uM Mn following a 1hr serum
deprivation. B) Assessment of Mn uptake by CFMEA following 24hr exposure with 25/50uM Mn. C)
Quantification of p-AKT expression from panel A. D) quantification of Mn/IGF-induced pan AKT. E)
Quantification of basal pan AKT. Note: in panel A, both sections of the western blot are taken from a
single western blot to exclude une N=4; All conditions normalized to respective vehicle treatment. Error
bars= SEM *= significant difference compared to STHdh Q7/Q7 by student t-test. Work done with the
assistance of Daniel Rose and Rachana Nitin.
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Figure 5-3: Mn-induced p62 defect persists in Q111/Q111 HTT KO. Quantification of p62
expression after 24hr Mn treatment in CRISPR-Cas9 HTT knockouts. A) Representative western
blot of p62 in STHdh Q7/Q7 and Q111/Q111 and their KO counterparts B) Quantification of p62 after
Mn treatment (50-100uM) C) p62 after Mn+CQ treatment D) quantification of intracellular Mn by
CFMEA in STHdh cells and HTT KOs. N=3; Error bars= SEM; *= significant difference from Q7/Q7 by
student t-test. Work done with the assistance of Daniel Rose.
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loss of HTT expression in Q7 cells did not increase net Mn uptake (Fig 5-2B). Additionally, loss of HTT
expression in WT Neuro2A (clones 459-8 and HTT-1) cells did not affect Mn uptake (data not shown).
This suggest 1) Mn uptake defect in the Q111 cells is due to a gain-of-function transport deficit and 2)
WT HTT does not play a substantial role in Mn transport in these cells. We also assessed Mn-induced
p-AKT after a 1hr serum deprivation followed by 3hr Mn+IGF exposure. Interestingly, Mn induced p-
AKT was blunted equally in the Q111 and both Q7-KO and Q111-KO cells compared to Q7 (Fig 5-2A,
C). Pan AKT was not changed by Mn exposure in any cell line, though basal levels of pan AKT were
slightly higher in Q111 and Q111 KO. This provides evidence that Mn induced p-AKT is not entirely
dependent on intracellular Mn levels and that loss of HTT function may cripple Mn induced cell signaling
without affecting Mn uptake.

We then tested the hypotheses that knocking out HTT negatively effects autophagy, that Mn-
induced autophagy is HTT dependent, and if knocking out HTT ameliorated Mn-induced autophagy in
HD cells. We treated unmodified and CRISPR KO Q7 and Q111 cells with Mn and/or CQ for 24hrs and
found that loss of mutHTT expression in Q111 cells restored Mn-induced p62 (50 UM Mn). Interestingly,
Mn-induced p62 after 100 uM Mn was not different between cells lines which may be due to a ceiling
effect (Fig 5-3B). This included the Q111 cell line which exhibits a Mn-induced p62 deficit at 50 pM.
Similar to previous results, p62 expression after CQ or Mn+CQ was similar between all lines, even the
HTT KOs (Fig 5-3C). These data suggest that loss of all HTT expression does not perturb Mn-induced
autophagy in these cells. We did not investigate whether loss of mutHTT restored “cargo recognition

failure” in Q111 cells, though this could provide a future follow-up study.

Together, these results suggest loss of WT HTT function may initiate a complex set of
downstream events. First, we found that loss of WT HTT from the Q7/Q7 cells, did not affect Mn uptake,
suggesting WT HTT does not play a significant role in normal Mn homeostasis in these cells. Second,
while loss of mutant HTT in the Q111/Q111 cells (which do not express WT HTT), normalized Mn
uptake and did not negatively impact basal expression of autophagy markers or Mn-induced autophagy,
loss of WT HTT in the Q7/Q7 cells resulted in impaired Mn-induced p-AKT. Since Mn uptake is identical
between Q7/Q7 WT cells and their HTT KO counterparts, but yet Mn-induced p-AKT is negatively
affected in the KO cells, this may suggest that p-AKT induction by other stimuli (IGF/insulin, glucose,
etc), may also be impacted as well. Future studies will have to examine if this is the case in vitro, and,
if so, determine if this presents significant, biologically-relevant effects in vivo. Lastly, while decreased
Mn bioavailablity has not yet been directly detected in human HD patients (only in hiPSC-derived
neuroprogenitors), this data suggests, in the context of HTT-silencing ASOs, that loss of mutant HTT

can normalize Mn bioavailabilty and potentially remedy Mn-centric phenotypes in HD. Follow-up studies
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should examine whether loss of mutant HTT can normalize net Mn uptake and ameliorate in vivo Mn-

dependent HD phenotypes such as arginase activity.
KB-R7943 likely functions as an autophagy inhibitor to increase net Mn uptake

Perhaps one of the most significant obstacles in examining Mn uptake in HD models is the fact that
our only experimental procedure to increase net Mn uptake is to treat HD cells or mice with high-levels
of exogenous Mn. However, these presents two major issues: 1) treatment with Mn is usually much
higher than the concentrations present in normal brain tissue or CSF and 2) after treatment with Mn,
we are no longer observing basal, biological Mn homeostasis. Thus, our lab and others have sought
way to genetically or pharmacologically manipulate Mn uptake. We previously reported that a small
molecule (KB-R7943), an inhibitor of NCX1/3, could increase Mn uptake in HD cells, ameliorating a
Mn-induced p-p53 defect. We wanted to discern the mechanism by which KB-R7943 can increase Mn
uptake. We compared Mn uptake after exposure with KB-R7943 (10uM) and SEA0400 (2nM), a more
specific inhibitor of NCX1/3, for 3 and 24hrs. We found that SEA0400 did not increase Mn uptake, even
after 24hr exposures (Fig 5-4A, B). A previous study found that KB-R7943 can inhibit autophagy in
prostate cancer cells*%. We hypothesized that, similar to CQ and BafA, KB-R7943 increases Mn uptake
by impinging on autophagic degradation. We exposed cells to combinations of Mn, CQ, and KB-R7943
and found that co-treatment of KB-R7943 and CQ doesn’t increase Mn uptake more than KB-R7943 or
CQ alone (Fig 5-4C). This suggest a shared mechanism of increasing net Mn uptake by CQ and KB-
R7943. Similar to CQ, KB-R7943-induced increases in Mn uptake were negated by co-treatment with
the autophagy inhibitor 3-methyladenine (Fig 5-4D). Finally, we confirmed that KB-R7943, similar to
CQ and BafA, increases LC3Il/l and p62 expression (Fig 5-4E,F). We also observed an increased in
LC3-Il puncta in ds-Red LC3-1l expressing SThdh cells (data not shown). Together, this suggests
manipulation of the autophagic processing in these cells may present a method to modulate Mn
homeostasis pharmacologically. However, these experiments with KB-R7943 were done in the
presence of exogenous, high levels of Mn, as detection of basal Mn concentrations is low-throughput
and costly to perform. Future experiments should determine whether treatment with KB-R7943 and
other autophagy inhibitors (CQ, BafA, 3-MA) can affect basal Mn homeostasis (without co-exposure
with Mn) via use of GFAAS or ICP-MS. Since the HD STHdh cells also present with a basal Mn
deficiency, one might hypothesize that autophagy inhibitors could ameliorate this basal difference. If
this is the case, future experiments in hiPSC-derived neuroprogenitor and in vivo could confirm whether
defects in autophagic processing may contribute (or even be a primary cause) of the net Mn uptake we
have observed in multiple HD models.
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Figure 5-4: KB-R7943 increases Mn uptake via chloroquine-like properties, not via effects on
NCX1/3. A, B) Mn uptake (CFMEA) in STHdh cells following treatment with 10uM KB-R7943 or 1uM
SEA0400 (NCX1/3 inhibitor) after 3hrs (A) or 24hrs (B). C) Mn uptake (CFMEA) in STHdh cells after
24hrs with 25, 50uM MN and 10uM KB-R7943 or 10uM chloroquine. D) Mn uptake in STHdh cells after
24hr treatment with 25uM Mn with 10uM KB-R7943 and 5mM 3-methyladenine. E, F) LC3Il/I (E) and
p62 (F) expression in STHdh cells after 24hr treatment with 50uM Mn and 10uM KB-R7943. G)
Representative western blot of STHdh cells after 24hr treatment with Mn (50-100uM) and CQ (10uM)
or KB-R7943 (10uM). N=3, error= SEM. *= significant treatment difference by student t-test. Work
done with the assistance of Michael O’Brien.
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Patient-derived lymphoblasts are not an appropriate model system to examine Mn-induced IGF
signaling or autophagic processing in HD

Our lab has detected Mn-dependent phenotypes in hiPSC-derived striatal neuroprogenitors,
STHdh immortalized cells, HTT-inducible PC12 cells, and in YAC128 mice®8-82:315 However, we wanted
to explore whether patient-derived lymphoblasts could be a viable HD model in which we could cheaply
and easily acquire a range of HD patients with various CAG repeats and disease pathology. Through
HD-enroll, we acquired 30+ control and HD patient-derived lymphoblast (male/female, with non-
pathogenic CAG repeats or 40, 50, 60, or 70+ CAG repeats). We assessed Mn-induced p-AKT and p-
S6 in control and HD patient-derived lymphoblasts. For these experiments, we used two control lines
(Conl3, Conl5) and three HD lines with 40, 50 or 70 CAG repeats (HD40, HD50, HD70). We did not
observe a genotype difference in Mn-induced p-AKT or p-S6. However, consistent with our results in
other cell lines, BMS-536924 was able to block Mn- induced p-AKT in WT cells (Fig 5-5B, C). However,
we found high variability between cell lines (of the same genotype) and between replicates which could
be a result of patient-to-patient differences and inconsistent growth patterns of lymphoblast culture (Fig
5-5C, E). Additionally, we found that p-AKT and p-S6 in these cells was unresponsive to IGF treatment
(either in normal-serum conditions or after IGF deprivation), suggesting a unique IGF physiology in
these cultures which isn’t present in any other cell lines tested (data not shown). This also excludes
the possibility that the RPMI media (with 15% FBS) used for 24hr exposures is the reason these cells
are unresponsive to IGF. Thus, these cells are likely a poor system to study IGF-based signaling. Next,
we wanted to explore autophagy-centric HD phenotypes in these cells as HD lymphoblasts were one
of the models used the study by Martinez-Vicente and colleagues to detect mutant HTT-dependent
defective cargo recognition?3!. Similar to Figure 4-20, we carried out TEM on control and HD
lymphoblasts to detect and quantify the number of “empty” autophagic vacuoles in these cells. Unlike
the STHdh cells, we found that autophagosomes in HD lymphoblasts presented with highly variable
size, number, and morphology. Most importantly, we observed a high number of empty
autophagosomes in both control and HD lymphoblasts (though this varied drastically between cells)
(Fig 5-5F). Presently, we do not understand the reasons autophagy in our lymphoblasts presented very
differently from Martinez-Vicente and colleagues'3!. However, we found that maintaining uniformity
between cell lines and replicates in lymphoblasts cultures was more difficult than STHdh cells. This is
primarily because the grow in large, adhesive clumped suspension culture which could lead to vastly
difference nutrient biology depending on cell growth and density of cellular “clumps.” This may lead to
perturbations in normal IGF/insulin signaling and autophagy in these cells. Future studies examining
autophagy in
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Figure 5-5: Representative western blots and quantification of lymphoblasts from control and

HD patients probed with p-AKT, and
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these cells will need to carefully determine ideal plating density, growth-rates, and trituration of these
cells to establish rigorous, uniform cultures between cell lines and replicates if possible.

HD cells are more responsive to Mn-induced lipophagy (lipid autophagy)

After observing increased cargo-loading with 24hr Mn treatment, we wanted to investigate
whether this affects specific autophagic cargo. Cuervo and colleagues previously found that defective
cargo recognition resulted in accumulation of mitochondria and lipids 3. We hypothesized that Mn
treatment may correct this autophagy-related phenotype via increased lipid cargo loading and
subsequent degradation. Consistent with this previous study, we found that HD cells exhibited
significantly higher number of bodipy puncta than WT after vehicle treatment. Additionally, Mn treatment
significantly increase bodipy puncta, though HD cells were surprisingly more sensitive. 100uM Mn
treatment in WT cells increased bodipy puncta to HD levels. When co-exposed with CQ, Mn treatment
increased bodipy puncta in HD cells only (Fig 5-6). These results are counter-intuitive given our existing
data, but may suggest that Mn treatment differentially affects autophagy depending on genotype and
type of cargo. Future studies should consider utilizing confocal imaging to count bodipy puncta across
the entire depth of the cell, as our studies utilized single-plane light microscopy. This may provide a

more accurate measurement of lipophagy.
Mn-induced toxicity is unaffected by pharmacological IGF receptor inhibition

There is great interest in determining novel avenues to counteract Mn-neurotoxicity. Mn-induced
AKT activity has been correlated with Mn exposure and neurotoxicity for some time, though the exact
mechanism how this occurs was unknown#?4%.85301 \We found Mn-induced p-AKT is almost entirely
dependent on insulin/IGF receptors. However, we wanted to assess if inhibition of Mn- induced p-AKT
(by targeting IGFR/IR) was capable of preventing Mn-induced neurotoxicity as well. We assessed
STHdh, 3T3, HEK293, Neuro2A, and SHSY-5Y cell viability after 24hrs using toxic Mn exposure with
or without BMS-754807. We found that BMS-754807 neither prevented or exacerbated Mn-induced
cytotoxicity (Fig 5-7). This suggests that Mn-induced p-AKT does not mediate Mn cytotoxicity under

acute exposures in these cells and is likely not a viable target to counteract Mn neurotoxicity.

Mn-induces p62 and p-AKT in mouse kidney and liver tissues, but not cortex

Lastly, we investigated whether autophagy markers (p62, LC3, and beclin) were upregulated by
in vivo Mn-treatment in acutely treated 13-week old or chronically treated 32-week old mice. For these
experiments, we used YAC128Q mice expressing a transgene for full-length mutHTT with 128Q and

WT littermates. We examined cortical tissue in the brain in addition to kidney and liver tissues (both of
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which play a large role in sequestration and clearance of Mn after subcutaneous treatment). In acutely
treated (1-week) mouse liver and kidney, we found that Mn was only able to significantly increase p-
AKT in WT mice (Fig 5-8). We have not yet investigated whether HD liver or kidney (in addition to
striatum) exhibit reduced Mn uptake, though this could explain the difference in Mn-induced p-AKT.
Mn-induced p-IGFR/IR, p-S6, and p62 trended towards significant difference by treatment, and should
be investigated with a higher number of replicates.

We also investigated the effect of Mn on chronically-treated (20-week treatment) mouse liver in
kidney. In liver, we found that Mn was only able to significantly increase WT p62, but not p-IGFR/IR, p-
AKT, or p-S6 (Fig 5-9). Mn trended towards increasing p-AKT and decreasing p-S6, though additional
replicates are needed. In kidney, Mn significantly increased p-AKT and p62 in WT mice and p-AKT and
p-S6 in HD mice (Fig 5-10). Here, we did not observe a difference in Mn-induced p-AKT, which we did
observe in acutely treated mouse kidney. Surprisingly, Mn increased p-S6 only in HD mice, suggesting
HD kidney p-S6 may be more responsive to Mn. Similar to chronically treated mouse liver, we found
Mn induced p62 only in WT mice, though HD mice trended very similarly. Overall, chronically-treated

mouse kidney and liver were more responsive than acutely-treated.

We next investigated the effects of chronic (20-week) Mn treatment in mouse cortex (striatal
tissue was not available). Mn did not upregulate p-AKT, p-S6, or p62 in mouse cortex (p-IGFR/IR was
undetectable). We have previously shown that acutely Mn-treated cortex takes up ~33% less Mn than
striata®?, though this may not be the case under chronic Mn injection. This may provide and explanation
as to why we saw no effect on p-AKT, p-S6, or p62. In order to investigate this further, striatal tissue
should be analyzed. Previous studies have observed Mn-induced p-AKT in post-natal treated rat
striata®®. If Mn also has no effect in the striatum, this may suggest that these proteins are only
responsive to toxic Mn conditions (as our current injections do not cause overt cell death in the brain).
Injections with higher concentrations of Mn under similar in vivo experimental paradigms may allow us
to understand why IGF signaling/autophagy in the cortex (or the brain as a whole) is less responsive to
Mn treatment than in vitro cell culture and chronically Mn-treated mouse liver and kidney. ICP-MS also
allows us to determine true Mn uptake (nmol Mn/mg protein) and could directly compare Mn uptake in
kidney, liver, cortex, striata, and cell culture. This may reveal the threshold Mn concentration which is

necessary to trigger activation of these proteins.
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Figure 5-6: Mn induces bodipy puncta differently between Q7/Q7 and Q111/Q111. A) Quantification
bodipy puncta in STHdh cells treated with 25-100uM Mn for 24hrs. B) Representative bodipy images of
STHdh Q7/Q7 and Q111/Q111 cells after Mn treatment. C) Quantification bodipy puncta in STHdh cells
treated with CQ and 25-100uM Mn for 24hrs. D) Representative bodipy images of STHdh Q7/Q7 and
Q111/Q111 cells after CQ+Mn treatment. Work done with the assistance of Rachana Nitin.
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Figure 5-9: Mn increases p62 expression in mouse cortex following chronic 20-week chronic
subcutaneous injection. Western blot images and quantification for p-AKT (A), p-S6 (B), p-IGFR/IR (C)and
p62 (D) in 32-week old mouse cortex after chronic 20-week Mn injection. N=10-12 per treatment, per
genotype. Males and females were used. Quantified as signal/total protein for each lane. *= Significance
treatment difference by student t-test. Mouse tissue dissected by Jordyn Wilcox and Anna Pfalzer.

128



Chronic Kidney males
WTH20 HD H20 WTMn HD Mn

p-IGFR/IR

p-AKT Chronic kidney p-AKT B Chronic kidney p-56
0.047 mm WT 0.25 *
p-S6 == HD % * 0.20
0.034
p62 0.15
0.10
Total 0.05
Protein 0.00
& & & ®
Chronic kidney p-IGFR D Chronic kidney p62
0.207 05
*
0.4
0.3
p-IGFR/IR "
p-AKT 0.4
0.0

Total
Protein

Figure 5-10: Mn increases p-AKT and p62 expression in mouse kidney following chronic 20-week
chronic subcutaneous injection. Western blot images and quantification for p-AKT (A), p-S6 (B), p-
IGFR/IR (C), and p62 (D) in 32-week old mouse cortex after chronic 20-week Mn injections N=10-12 per
treatment, per genotype. Males and females were used. Quantified as signal/total protein for each lane.
*= Significance treatment difference by student t-test. Mouse tissue dissected by Jordyn Wilcox and
Anna Pfalzer.
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Figure 5-11: Mn does not increase p-AKT, p-S6, or p62 expression in mouse cortex following chronic
20-week chronic subcutaneous injection. Western blot images and quantification for p-AKT (A), p-S6 (B),
and p62 (C) in 32-week old mouse cortex after chronic injection. N=10-12 per treatment, per genotype.

Males and females were used. Quantified as signal/total protein for each lane. Mouse tissue dissected
by Jordyn Wilcox and Anna Pfalzer.
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Global Discussion

As a growing body of evidence supports a role for Mn in a wide-variety of kinase signaling,
including IGFR/IR, it leads us to wonder: what is the full extent of the Mn-induced kinase signaling
network and to what extent is this network perturbed under Mn toxicity or Mn deficiency? This work has
shown that Mn can robustly activate p-AKT, p-S6, and p-IGFR/IR and also able to induce downstream
processes such as glucose uptake and autophagy. However, the list of Mn-dependent enzymes
(MnSOD, PP2A phosphatase, pyruvate carboxylase, ATM, LRRK2, members of MRE DNA-damage
complex, glutamine synthetase, etc.) and Mn-responsive proteins (MAPK/ERK, JNK, NFKB, Nrf2,
tyrosine hydroxylase, FOX01/3, tau, etc.) is extremely vast and growing®2. Since the vast majority of
kinases are Mn or Mg-dependent, one would expect many other proteins to be Mn-dependent or
responsive34, With the advent of RNA-seq and high-throughput protein expression platforms, future
studies should examine how Mn exposure or deficiency modulate entire networks of signaling
pathways. Given the extensive list of Mn-responsive proteins, there is likely complex co-regulation and
feedback between these pathways which could be missed without analysis of whole signaling networks.
Here, we provide evidence that autophagy and glucose uptake are both affected by Mn exposure and
blunted in the context of Mn-deficiency (HD cells). This may provide two avenues by which Mn
treatment may be efficacious in treating HD models- work that is currently being carried out in our lab.
However, given the extensive network of proteins which can respond to Mn, other studies should
examine which other biological processes are affected by Mn treatment. In particular, the field should
carefully elucidate of processes which are most sensitive to Mn (near normal brain/CSF Mn
concentration). Understanding which pathways are explicitly affected by normal vs toxic concentrations
of Mn is an important avenue of investigation and could help justify treatment with Mn in HD.

Fortunately, numerous studies, including our own, have found several HD-relevant proteins and
pathways which are responsive to Mn and could provide the foundation for future studies. Work from
Tidball et al, suggest the DNA damage response may be another process which exquisitely tied to Mn
homeostasis since several enzymes necessary for this process are Mn-dependent.®? Furthermore, AKT
and p53, two major proteins involved in inhibition or activation of apoptosis, respectively, (via
interactions with MDM2), are Mn-responsive, suggesting a role for Mn in mediating apoptosis*®’. In
Chapter 5, | present evidence that lipid biology (via interactions with autophagy) is also sensitive to Mn
treatment. While a few studies have examined the effect of dietary Mn on lipid homeostasis, few have
investigated this at the cellular level*®®4%9, Mn toxicity has also been associated with increased
accumulation of ROS via interactions with Nrf2, NFKB, and MnSOD (Nrf2 and NFKB are both also

implicated in autophagy and interact with p62)380.410-417 Because of this, many studies have suggested
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that Mn toxicity may begin via early accumulation and subsequently-associated decline in mitochondrial
function though this hypothesis 52266280-283.35 hag peen under some contention. Contrarily, Mn
homeostasis must maintain proper function of anti-oxidant proteins such as MnSOD which counteract
ROS accumulation and subsequent mitochondrial failure32418, Thus, studies must carefully determine
the threshold of essentiality and toxicity on mitochondrial function. Furthermore, if Mn directly affects
mitochondrial function (positively or negatively), what does this mean for downstream cellular
energetics? Are processes such as oxygen consumption, ATP production, and glucose metabolism
also affected and how this is differentially affected between Mn deficiency, normal Mn concentrations,
and toxic Mn concentrations? Together, a comprehensive comparison between a variety of Mn-
responsive biological processes, may provide valuable insight into processes which are most
exquisitely tied to Mn homeostasis and provide the highest degree of meaningful, translational

potential- in both the context of Mn deficiency (HD) and Mn toxicity.

Lastly, and perhaps most importantly, how do the effects of Mn on these processes then
manifest themselves in vivo, particularly in the brain? For instance, does Mn increase glucose uptake
or autophagic cargo recognition in vivo. Here, we find that micromolar concentrations of Mn are able to
stimulate these processes, but this likely causes cellular accumulation of Mn which is several degrees
higher than what would be observed in humans, even if sub-cytotoxic during our exposures. This led
us to examine whether sub-toxic Mn supplementation could also upregulate IGF signaling and
autophagy in vivo. In Figures 5-8, 5-9, 5-10, 5-11 we have shown that acute and chronic Mn treatment
can incur significant changes in p-AKT and p62 in mouse liver and kidney, but not in cortical tissue
(striatal tissue was not available). While the basal ganglia contain the highest concentrations of Mn in
the brain, the liver and kidney play a large role in bodily Mn homeostasis and excretion8418, With this
in mind, we should 1) monitor potential peripheral, in addition to CNS, effects after in vivo Mn treatment
and 2) put forth more effort into understanding why the brain is resistant to Mn-induced signaling. One
reason for this may be the route of Mn delivery. As we treat mice with subcutaneous injection which
must be processed by the periphery before transport to the brain, this may lead to increased peripheral
effects with diminished effects in the CNS. Since Mn toxicity is most often caused by inhalation (and
more easily transported across the blood-brain-barrier via the nasal passage), one must wonder if
intranasal Mn delivery may be a more appropriate mode of delivery to incur the highest and most CNS
specific Mn response. IGF treatment in HD models was performed via intranasal delivery for these
same reasons®. Alternatively, our results likely also suggest in vivo models are capable of diminishing
the effects of Mn on the CNS (via higher excretion through the periphery or decreasing net Mn uptake
into the brain- cellularly or across the blood brain barrier). Together, future studies have multiple
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avenues of investigation but should carefully interrogate which enzymes and pathways are most
sensitive, most specific to the CNS, and result in biologically-relevant, in vivo responses.

There are several challenges to studying Mn biology in HD. First, Mn is more difficult and less
throughput to quantify than other cell signaling modifiers (enzymes, ligands, etc). Currently, we can
only measure Mn concentrations in lab via CFMEA after exogenous Mn exposure (CFMEA cannot
measure basal Mn concentrations). While we have access to measure Mn by GFAAS and ICP-MS via
collaborators, these methods are costly, low-throughput, and often highly variable. Our lab is actively
working on other pharmacological methods to modulate and measure Mn homeostasis, but still lack
the utility and sensitivity to robustly interrogate certain aspects of Mn-HD biology. As mentioned above,
XANES spectrometry may offer a more sensitive and useful measurement of Mn (and other ions), but
this technology is not widely available. Second, we currently can only test how exogenous Mn treatment
can ameliorate HD phenotypes. While this is useful in determining whether Mn treatment may remedy
HD phenotypes, it lacks some mechanistic utility. For instance, we can confidently state that Mn
treatment normalizes arginase activity of HD mice in vivo315, but we don’t know if Mn deficiency causes
defects in arginase activity in WT mice. In these studies, we find similar results with IGF signaling and
autophagy. One of the primary reasons this is difficult to manipulate, is that Mn can be transported via
dozens of other ion transporters (particularly at high concentrations), so genetic or pharmacological
inhibition of specific transporters is often ineffective®?. To our knowledge, there are not any specific Mn
chelators or small molecule inhibitors which could provide a method to cause Mn deficiency and would
allow us to determine if Mn deficiency causes HD- phenotypes. We are actively looking into methods
to lower dietary Mn in vivo, create medias with low Mn concentrations to mimic the effects of Mn
deficiency, and investigate Mn-specific small molecules which may provide other highly-mechanistic
alternatives. Lastly, our studies are limited by the models currently available to us. While both the
STHdh and hiPSC-derived neuroprogenitors are of striatal-like origin, they are very different from the
mature MSNs which degenerate in HD. While our studies here suggest Mn treatment robustly activates
IGF signaling and autophagy in neuroprogenitors, this may be very different in post-mitotic, electrically-
active MSNs with drastically different signaling and cellular homeostasis (potentially including Mn
uptake). If they are different, does this suggest only immature neuronal subtypes exhibit reduced Mn
uptake? If so, this would drastically alter our understanding of this phenotype and should influence how
future studies approach Mn supplementation. Future studies should search for more ideal models such
as primary striatal culture from mice or iIPSC-derived medium spiny neurons, and directly compare
these to our present models. However, these are far less throughput, more difficult to culture, and more
costly than our current models.
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Concluding Remarks

Huntington’s disease remains a disease without a cure. While incredibly promising therapies
lay on the horizon, the field as a whole must continue to search for unique avenues to better
understand and target this terrible disease. Our lab has now discovered a variety of HD phenotypes
(both in vitro and in vivo) caused by reduced Mn bioavailability and several which can be rescued by
Mn supplementation- two of which (autophagy and IGF signaling) our outlined in this thesis. Many of
these, including defects in the urea cycle and in glucose metabolism, are detected very early in HD
pathology (prior to neuronal loss and the advent of motor and cognitive dysfunction)331:419:420,
Similarly, we observed reduced Mn uptake only in prodromal HD mice (prior to disease
manifestation). This suggest that reduced striatal Mn may play a key role in early HD pathogenesis
and eventually contribute to the motor and cognitive defects observed later in pathology. This may
also indicate that early, low-dose Mn supplementation may promote a wide-variety of neuroprotective
signaling events and processes (including, but certainly not limited, to IGF-AKT signaling and
autophagy, in addition to others mentioned earlier). Thus, pursuit of in vivo justification of said
neuroprotection should be the primary priority for future studies. With this said, future studies should
diligently determine the most appropriate, and most biologically relevant, paradigms (when, how, how
much, and how long) to administer Mn supplementation and rigorously examine the potential, wide
array of therapeutic benefit on HD phenotypes. While my part of this story may be finished for now,
I’'m extremely honored to have been a part of this endeavor to find a new way to combat this disease.

I'll be excitingly waiting to hear the progress of current and future Bowmanites—good luck!

Materials and Methods

Generation of HTT CRISPR knockout lines

pSpCas9(BB)-2A-Puro (PX459) Vector was a generous gift from Dr. Doug Mortlock. The listed
top/bottom oligonucleotides were annealed to create an 18bp adapter sequence which encodes for the
sgRNA. The PX459 vector was cut with bbsl and gel purified. Using the Quick Ligation Kit (NEB),
adapter sequence was annealed into the PX458 vector. Plasmid was transformed into DH5alpha cells
and plated onto a LB+AMP plate. Colonies were picked and Qiagen mini-prep was performed on
several colonies. DNA was sequences for the U6F1 (primer sequence listed below) to confirm the

adapter was inserted properly. Once insertion was confirmed, the colony was grown up and underwent
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a midiprep to isolate the HTT Exon 2 CRISPR plasmid. The selected CRISPR cut site is located in exon
2 of mouse HTT. Cells were plated at 40,000 cells/mL for Q7/Q7 and 50,000 for Q111/Q111. The
following day, cells were transfected with Mirus-LT with 1.25 pg PX458 DNA per mL of cells for 24
hours. After transfection, 7.5 pg/mL of puromycin was added for selection for 48 hours. Cells were then

expanded and immediately frozen prior to single cell sorting.

The Vanderbilt Cell Imaging Shared Resource (CISR) was used to separate 0.5 million Q7-6
cells and 0.5 million Q111-11 cells to a single cell density on 96 well plates. When viable colonies were
established in the well, they were transferred to a 24 well plate. When confluent, the cell lines on the
24-well plate were transferred to a 6 well plate and grown to ~80% confluency. From the 6 well plate,
the cells were then split 1:2 and allowed to grown to ~80% confluency in both wells. For each clone,
one well was extracted for DNA by aspirating off media, washing twice consecutively with 1mL of PBS,
scraping the cells off the plate, and transferring 1mL of PBS and cells to a 1.5 mL micro tube. The other
well was frozen down in media with 10% DMSO.

Using the DNeasy kit (Qiagen), DNA was isolated from each clone and underwent PCR targeting
a region flanking the CRISPR cut site in exon 2 (Primers and cut sequences below). ThermoScientific
DreamTag Green PCR Master (Catalog ID: K1081) was used for all PCR reactions. PCR reaction:
95°C/0:15 seconds, 56°C/0:30 seconds (58°C for R3 primers), and 72°C/0:45 seconds for 35 cycles
and held at 10 °C. The PCR was run on 2% agarose gel to assure proper size and specificity (Fig 5-1).
Products were then purified using Promega Wizard PCR purification kit and submitted for sequencing
via Genewiz. These sequences were then entered directly into the TIDE online software for indel
formation assessment (https://tide-calculator.nki.nl/). DNA from clones was sequenced for indels via
two sets of primers (Fig 5-1). A wild-type sequence for each cell line was used for each analysis. Primer
sequences are as follows: mHTT- exon 2 CRISPR site R: GTTAGACAATGATTCACA; mHTT- exon 2
CRISPR site F: TGTGAATCATTGTCTAAC; mMHTT exon 2 Forward primer:
TCTGTCGTCATCCCTTCCTC; mHTT exon 2 reverse primer: CCTCCTGAATGCCAGGTTAC; mHTT-
exon2 R3 Forward primer. TGAGTGTCGTGTGAGGAAGC; mHTT- exon2 R3 Reverse primer:
GGCTATCCCTGAACTCACCA,; U6F1 primer: TACGATACAAGGCTGTTAGAGAG

KB-R7943 pharmacology

KB-R7943 was purchased from Tocris Biological (Cat# 1244) and diluted in DMSO to 10mM.
For all experiments, KB-R7943 and chloroquine was used at 10uM. 3MA was used at 5SmM. Mn-uptake
(CFMEA), western blot, and LC3-Il puncta analysis were done as described above in Chapter 3

materials and methods.
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Lymphoblast culture

Lymphoblasts were acquired through HD-enroll. 10 control lines and 25 HD cell lines were
acquired but only two control lines and three HD cell lines were used for experiments. For all
experiments, cells were cultured in RPMI 1640 media with 2mM glutamax and 15% FBS at 37°C. Cell
lines were brought up in T25 flask to maintain at 200,000-500,000 cells/mL. Flasks were cultured
upright with vented caps with no more than 20mLs of media. Prior to experiments, cells were spun
down at 300g for 5-10 minutes to pellet living cells and leave cellular debris in the supernatant. For
experiments, cells were plated into T25 flasks at 200,000 cells/mL. During exposures, cells were moved
to a 50mL conical and spun down at 200g for 5 minutes. Cells were then re-suspended in media
containing Mn and/or BMS-536924 and moved to a T25 flasks. Cells were then incubated for 24hrs.
Following this, cells were collected into 50mL conical tubes, spun down at 200g for 5 minutes, and
lysed with RIPA containing protease and phosphatase inhibitors. Western blot procedure was carried
out identical to methods outlined Chapters 1-3. For TEM, cells were treated with Mn and/or CQ for

24hrs. Following this, cells were prepared for TEM identical to methods outlined Chapter 3.
Bodipy staining

SThdh Q7/Q7 and Q111/Q111 were plated at 80,000 and 100,000 cells/mL, respectively, in
Grenier mu-clear 96-well plates. 16- 24 hours after plating, cells were treated for 24hr with Mn(25-
100uM) and/or CQ (10uM). 30 minutes before the end of the 24hrs, Bodipy 493/503 (Cat# D3922
Invitrogen) was diluted to 2uM in PBS. Cell media was removed from the 96-well plates and 100uL of
PBS+bodipy was added to each well for 15 minutes at 33° C in the dark. After 15 minutes, cells were
washed 3X with fresh PBS to rinse away dye and 100uL fresh media (without Mn or CQ) as added
back onto the cells. Cells were then immediately imaged (5 images per condition, per cell line for 3
biological replicates). Bodipy puncta and number of DAPI (# of cells) were counted via Cell Profiler
3.0.0.

Cell titer Blue

Mouse striatal cells (STHdhQ7Q7 STHJhQI/QIIL "HEK 293, 3T3, Neuro2A, and SH-SY5Y were
grown on 96-well plates (33°C for STHdh, 37°C for all other cells). The day after replating, the cells
were exposed to toxicants in the cell-type appropriate medium. After 22 hours of exposure with Mn
(100-400uM) and/or BMS-754807 (2nM), 20 uL of CellTiterBlue reagent (Promega, Madison, WI) was
added to each well. Prior to this addition, cell lysis buffer was added to several wells to provide an

accurate fluorescence background for 0% viable cells. The plates were then incubated for 2 hours at
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33°C or 37°C. Fluorescence was measured using excitation of 570 nm and emission of 600 nm on a
microplate reader.

In vivo analysis of Mn-induced p-AKT, p-S6, and p62 in YAC128 mice

All animal experiments were approved by the Vanderbilt University Medical Center Institutional
Animal Care and Use Committee and were designed to minimized pain. The FVB-Tg (YAC128)53Hay/J
mouse was purchased from Jackson Laboratory. C57-YAC128Q mice were generated by crossing
YAC128Q with WT C57BI/6J animals followed by backcrossing >10 generations. Mice were maintained
in their genetic backgrounds by crossing hemizygous transgenic animals with their WT littermates. Mice
were genotypes by Transetyx for gPCR-based genotyping (Htt Wildtype Forward Primer:
GAGAAAGAGAATGTTTAACTCTCCAAGAGA, Reverse Primer:
CACATGCACTTTCTACAGCTAGGT, Reporter 1: AAGCAGCTCCAATATC; Htt mutant Forward
Primer:. CCACTTCCCTCTTCTAGTCTGAGA, Reverse Primer: CCACATCTCTCCAGCTCCAAA,
Reporter 1: CCCCGCCTCCTCTCG). WT and transgenic littermates were used for experiments.For in
vivo studies, mice were treated under two paradigms 1) acute injection or 2) chronic injection. Mice
were injected with a 1% solution of MnCI2 x 4H20 in filtered MilliQ water at 50 mg/kg body weight, or
with vehicle (filtered water). For acute injections, only males were used. For chronic injections, males
and females were used. For acute injections, mice were treated at 12 weeks of age for 7 days (injected
with 50mg/kg Mn on day 0, 3, and 6). On the seventh day, mice were sacrificed by cervical dislocation,
kidney and liver tissues were dissected and collected, snap frozen in liquid nitrogen, and stored at -80
degrees. For chronic injections, mice were treated at 12 weeks with 50mg/kg of Mn (injected 2 times a
week) until 32 weeks old. At the end of the 12-week treatment, mice were dissected and kidney, liver,
and cortical tissues were collected, snap frozen in liquid nitrogen, and stored at -80 degrees Mouse
tissues were lysed in RIPA with protease and phosphatase inhibitors and protein concentration was
determined with BCA assay. Following this, western blot was carried out as described in methods

section of Chapter 1-3.
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