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Abstract

Heat shock proteins (HSPs) are attractive therapeutic targets for neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS), that are characterized by aberrant
formation of protein aggregates. Small molecule HSP90 inhibitors are effective inducers of HSP
gene expression in eukaryotic cells, including motor neurons, the primary cell type affected in
ALS. Our lab has evaluated a novel small molecule HSP90 inhibitor, NXD30001, for in vitro
efficacy using a primary culture model of fALS1 due to mutations in the SOD1 gene. Treatment
with NXD30001 induced the expression of HSP40 and the inducible form of HSP70 (iHSP70)
through activation of HSF1 and protected against several measures of mutant SOD1 (mSOD1)
toxicity in primary motor neurons, including: protein aggregation and accumulation,
mitochondrial fragmentation and motor neuron death. This study assessed NXD30001’s ability
to induce HSP gene expression in the SOD1%°3A transgenic mouse model of ALS. Symptomatic
SOD1%%3A transgenic mice and nontransgenic wild-type mice were dosed intraperitoneally (i.p.)
with NXD30001 and their tissues were analyzed for drug penetrance and expression of HSPs
(HSP90, iHSP70, HSP60, HSP40 and HSP25). NXD30001 distributed to brain, spinal cord and
peripheral tissues in SOD1%%3A transgenic and nontransgenic mice after acute and subacute i.p.
injections. The profile of NXD30001-mediated induction of Hsp gene expression differed in vivo
from in vitro. NXD30001 induced expression of iHSP70 in skeletal muscle, cardiac muscle and,
to a lesser extent, in kidney, but not in liver, spinal cord or brain with either single or repeated
administration. NXD30001 is thus a useful experimental tool for culture work, but these data
highlight the complex nature of Hsp gene regulation in vivo and the need for early evaluation of

the efficacy of novel HSP inducers in target tissues.



Résumé

De par leur réle dans le repliement des protéines, les protéines chaperonnes (HSPs)
représentent des cibles thérapeutiques intéressantes pour le traitement des maladies
neurodégéneratives, comme la sclérose latérale amyotrophique (ALS), caractérisés par la
formation des agrégats protéiques. Les molécules inhibitrices de HSP90 sont des inducteurs de
I’expression des genes codant pour les HSPs notamment dans les neurones moteurs affectés
dans I’ALS. Nous avons déterminé I'efficacité in vitro d’un nouvel inhibiteur de HSP90, le
NXD30001, sur I'induction de I'expression de HSP40 et de HSP70 et son effet sur des mesures
phénotypiques (agrégation protéique, fragmentation mitochondrial et mort neuronale) du a
I’expression de SOD1 mutants. Cette étude se propose de déterminer les propriétés in vivo du
NXD30001 en utilisant un modéle murin d’ALS. Les souris transgéniques SOD1%°3A ont été
traitées avec le NXD30001 délivré par injection intra-péritonéales (i.p.) afin de déterminer
I’expression des geénes des protéines chaperonnes (HSP90, iHSP70, HSP60, HSP40 and HSP25) et
la distribution tissulaire du NXD30001. La pénétrance tissulaire du NXD30001 dans le cerveau,
la moelle épiniére et les tissus périphériques est effective a la suite d’injection i.p. En revanche
le profil d’expression des genes HSPs est different de celui observe in vitro. NXD30001 induit
I’expression de HSP70 dans le muscle squelettique, le muscle cardiaque et les reins mais est
inefficace en regard de I'induction de HSP70 dans le foie, la moelle épiniére ou le cerveau en
dépit de différents protocoles d’injection. En conclusion, le NXD30001 est un outil intéressant
pour la culture cellulaire mais notre étude met en évidence la régulation complexe des génes

des HSPs in vivo et le besoin d’une évaluation de leur efficacité dans les tissus ciblés.
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Introduction

The increasing burden of neurodegenerative disease on our increasingly-aging
population has emerged as a serious healthcare issue. Diseases such as Alzheimer’s disease,
Parkinson’s disease and ALS typically strike patients late in life, causing a variety of devastating
symptoms that progressively destroy quality of life. Despite significant strides in understanding
the clinical progression of these diseases, their pathogeneses remain poorly understood and
few therapies are currently available to patients. Although these diseases affect different areas
of the central nervous system, several commonalities have been identified in their
pathogeneses at the molecular level. For example, proteotoxicity, or the cell’s inability to
effectively regulate protein homeostasis, has been observed in nearly all neurodegenerative
diseases and has emerged as a target for the development of small molecule therapeutics.

ALS is characterized by the preferential degeneration and death of motor neurons,
which innervate skeletal muscle and control voluntary muscle movement. Their progressive
degeneration causes a gradual loss of voluntary muscle movement and, eventually, paralysis.
Some patients also develop cognitive and behavioural abnormalities associated with
degeneration of neurons in the frontal and temporal lobes of the brain (1). End-stage ALS is
characterized by respiratory failure and necessitates external breathing support. ALS is a
universally fatal disease with no effective treatment; the only FDA-approved
pharmacotherapeutic, Riluzole, extends lifespan by 3-6 months in only some ALS patients. As
such, most patients progress from diagnosis to end-stage within 2-5 years. Roughly 90% of ALS
cases occur sporadically, that is, without any family history of disease, with the remaining 10%
of cases demonstrating Mendelian familial inheritance patterns. The most commonly-studied
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form of familial ALS is caused by mutations in the gene encoding the superoxide dismutase 1
(SOD1) enzyme. Until recently, mutations in SOD1 were the most common identified cause of
fALS, accounting for 20% of all fALS cases. Recently, however, hexanucleotide expansions in the
open reading frame 72 on chromosome 9 (C90ORF72) were identified and are now the most
common known genetic cause of ALS (2, 3). The genetic climate of ALS is therefore rapidly
evolving, with new ALS-associated genes providing insights into pathogenic mechanisms.

Despite the multifactorial nature of ALS pathogenesis, the accumulation of misfolded
proteins could represent an upstream process that is amenable to therapeutic intervention.
Indeed, the upregulation of heat shock proteins (HSPs), a family of proteins with chaperoning
activity, has extended neuronal viability in primary motor neurons and transgenic mice
overexpressing mutant SOD1 (4-7). Translation of this strategy to the clinic has, however, been
challenged by the lack of safe and stable inducers of HSP expression that can penetrate the
blood-brain-barrier (BBB). Small molecule inducers of HSP expression with more favourable
pharmacokinetic (PK) and safety profiles are therefore in development. This study examined
NXD30001, a novel small molecule HSP inducer from NexGenix Pharmaceuticals that disributes
to the CNS (8), for its ability to induce HSPs in the tissues of the SOD1%°3A transgenic mouse

model of ALS.
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1.1 Amyotrophic Lateral Sclerosis
1.1.1 Whatis ALS?

Described by the French neurologist Jean-Martin Charcot in 1869 (9), amyotrophic
lateral sclerosis (ALS, Lou Gehrig’s Disease) is an adult-onset, fatal neurodegenerative disease of
the human motor system. ALS is characterized by the preferential degeneration of upper and
lower motor neurons resulting in progressive muscular weakness, paralysis and eventual death
due to respiratory failure typically within 1-5 years of diagnosis (10). ALS cases are classified as
familial (fALS) or sporadic (sALS) based on the presence or absence of a family history of
disease, respectively. Despite substantial progress elucidating the mechanisms and origins of its
pathogenesis, ALS remains a poorly understood disease for which there is no cure or effective
treatment. The only approved pharmacotherapeutic agent for ALS is Riluzole, which extends
lifespan by approximately 3 months in a subset of ALS patients (11). A clear need thus exists for

clinically-applicable, disease-modifying therapies.

1.1.2 Clinical Aspects of ALS

Diagnosis is established through the revised El Escorial criteria of the World Federation
of Neurology which, in short, identify the progressive and specific loss of upper and lower
motor neurons in the absence of electrophysiological, pathological or clinical signs of non-ALS
disease (12). Neurologists diagnose patients as having suspected, possible, probable or definite
ALS (12). With a disease prevalence of 4-6 per 100,000 and an incidence of 1-2 per 100,000,

approximately 3,000 Canadians currently live with ALS (13).
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Symptom onset is heterogeneous and may be bulbar, impairing swallowing and speech;
cervical, impairing arm and shoulder movements; or lumbar, causing mobility problems. The
onset of symptoms reflects the location of the motor neurons most affected in each patient,
with bulbar-onset patients having the worst clinical prognosis (10). Motor neuron degeneration
increases with disease progression, resulting in increased muscle weakness and paralysis.
Consequently, swallowing becomes challenging, resulting in reduced caloric intake producing
nutrition problems and an increased choking risk. Communication and movement also
progressively deteriorate due to speaking, writing and walking difficulties, and eventually
become impossible without assistance. End-stage ALS occurs when the motor neurons
innervating the diaphragm and intercostal muscles degenerate, necessitating permanent
external breathing support.

Some ALS patients also show cognitive symptoms (1). Cognitive impairments were
measured in roughly half of a sALS patient cohort, with 6% showing severe deficits (1, 14). Of
the patients assessed in this study, 15% were classified as having frontotemporal dementia
(FTD) in addition to ALS. ALS-FTD patients show a range of social, emotional and sexual
dysfunctions, and the severity of these symptoms is correlated with the amount of frontal and
temporal lobe degeneration (15). This overlap of distinct neurodegenerative diseases suggests
the existence of a spectrum of neurodegenerative disease encompassing ALS, FTD and ALS-FTD.
Indeed, mutations in the genes encoding charged multivesicular body protein 2B (CHMP2B),
dynactin 1 (DCTN1), fused in sarcoma/translated in liposarcoma (FUS/TLS), TAR DNA binding

protein 43 kDa (TDP43) and open reading frame 72 on chromosome 9 (C90RF72) have been
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identified in ALS and FTD (2, 3, 16-18); how these mutations lead to multiple neurodegenerative

diseases remains unclear.

1.1.2 Sporadic ALS

Approximately 90% of ALS diagnoses are classified as sporadic. While the causes of sALS
are unknown, several genetic and environmental factors have been suggested as risk factors. In
fact, with identification of genes in fALS, some individuals classified as sporadic are found to
have a mutation.

An environmental contribution to sALS was first recognized in 1945 following a
physician’s report of an unusually high incidence of motor neuron disease with associated
Parkinsonism and Dementia Complex (PDC) in the indigenous population of Guam (19). This
endemic was later associated with the consumption of flour derived from cycad seeds, which
contain high amounts of toxic plant sterol glucosides (20). Indeed, mice fed cycad flour
developed ALS-PDC-like symptoms with associated degeneration in several regions of the brain
and spinal cord (21, 22). Outside of Guam, the search for environmental contributors to ALS has
yielded disappointing results, possibly due to the retrospective design of the studies, their
inherent biases, and the small number of cases studied (low power of the studies).
Nevertheless, several risk factors have been suggested, including: solvent exposure, cigarette
smoking, prior poliovirus infection, physical activity, trauma, alcohol consumption, residence in
rural regions, farm work and active military service during the Gulf War (23-25).

Much of the knowledge regarding what, if any, genetic factors contribute to sALS have

come from twin studies. A study examining mono- and dizygotic twins where one sibling had
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ALS found that 4 of 26 monozygotic twins were concordant-affected, compared to 0 of 51
dizygotic twins, translating to an estimated heritability value of 0.38 to 0.85 (26). A more recent
study of larger sample size produced similar results, reporting an estimated heritability value of
0.38 to 0.78 for concordant development of ALS disease in monozygotic twins (27). Mutations
or single nucleotide polymorphisms (SNP) in several genes have been associated with a possibly
increased risk of ALS. These genes include those encoding vascular endothelial growth factor
(VEGF) (28), angiogenin (ANG) (29, 30), paraoxonases (PON1, PON2, PON3) (31-33), ataxin 2
(34) and the neurofilament heavy subunit (NFH) (35, 36). Low expression of the survival of
motor neuron proteins (SMN1, SMN2) or a haploinsuffciency of SMN1 are also associated with

an increased risk of developing sALS (37, 38).

1.1.3 Familial ALS

An estimated 10% of ALS patients have a family history of ALS. Mutations in several
genes have proven to be causative of fALS, including those encoding Cu?*/Zn?*-superoxide
dismutase (SOD1) (39), TDP43 (40), FUS/TLS (41, 42), VAMP-associated protein B (VAPB) (43),
Valosin-Containing Protein (VCP) (44), ubiquilin 2 (45), senetaxin (46), optineurin (47), dynactin
(16), C90RF72 (2, 3) and profilin-1 (48). Mutations in these genes cause a variety of ALS
subtypes characterized by different ages of onset, penetrance, inheritance patterns and modes
of toxicity (gain-of-function, loss-of-function, unknown). Some ALS subtypes are characterized
by mutations in genes encoding proteins implicated in common pathways such as RNA
processing (TDP43, FUS, senataxin) and cellular trafficking (VAPB, optineurin, dynactin),

providing insight into possible disease-causing mechanisms. Familial and sporadic forms of ALS
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are clinically indistinguishable, aside from observations of earlier symptom onset and a longer
course of disease progression in some fALS patients (49). The pathogeneses of familial and
sporadic forms also share common molecular abnormalities in affected cell types, including
protein misfolding and aggregation, impaired calcium (Ca%*) homeostasis, elevated oxidative

stress, abnormal mitochondrial morphology and mitochondrial dysfunction (10).

1.1.4 Familial ALS linked to SOD1 mutations

An estimated 20% of fALS cases are linked to mutations in the gene encoding SOD1,
with the glycine-to-alanine substitution at codon 93 (SOD1%°34) being the most extensively
studied mutation. Over 150 ALS-causing mutations have been identified in the SOD1 gene, with
the majority being missense mutations occurring in various regions of the protein (50).

Human SOD1 (hSOD1) is a ubiquitously expressed, predominantly cytosolic enzyme
encoded by a gene of five exons and four introns on chromosome 21 (51). SOD1
homodimerizes to catalyze the conversion of the superoxide radical, a toxic by-product of
oxidative phosphorylation (52), to hydrogen peroxide. FALS1 is not caused by a loss of SOD1
function, as the majority of known ALS-associated SOD1 mutants maintain enzymatic activity
(53), SOD1 knock-out mice do not develop ALS-like disease (54, 55), and overexpression of wild-
type hSOD1 (wtSOD1) in transgenic mice expressing mSOD1 protein did not prevent or
ameliorate disease progression; in fact, co-expression of wtSOD1 has been linked to faster
disease progression in SOD1%%3Atransgenic mice (56, 57). ALS-linked mutant SOD1 protein is
therefore pathogenic through a gain of toxic function mechanism that is independent of

changes in dismutase activity (58).
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While ALS is a motor neuron disease, its pathogenesis likely results from the
manifestation of many disease pathways in multiple cell types. This non-cell autonomous
theory is supported by the absence of motor phenotypes in mice with neuron-specific or
astrocyte-specific expression of mSOD1 (59, 60). Additionally, expression of mSOD1 in non-
neuronal cells exacerbates disease in motor neurons in mice, illustrating that toxic mechanisms
in several cell types likely converge to cause fALS1 (61, 62).

SOD1-immunoreactive inclusions are found in the motor neurons of fALS and sALS
patients (63, 64), transgenic mice and rats expressing mutant SOD1 (65, 66), and in fALS1
culture models using primary, dissociated spinal cord from embryonic mice (67). Although the
pathogenic contribution of these inclusions is debated, the accumulation of misfolded mutant
SOD1 protein is believed to contribute to ALS pathology. In addition to protein accumulation,
mutant SOD1 toxicity also involves increased oxidative stress, endoplasmic reticulum (E.R.)
stress, glial cell activation, disruption of cytoskeletal networks, glutamate-mediated
excitotoxicity, impaired proteasomal activity, mitochondrial network fragmentation and
mitochondrial dysfunction (58). Interestingly, SOD1-immunoreactive protein inclusions have
been identified in the motor neurons of sALS patients, suggesting that the accumulation of

SOD1 could be a common pathogenic contributor regardless of ALS subtype (63, 64, 68, 69).

1.1.5 Protein misfolding and aggregation in fALS1

Substantial evidence points to a common propensity of mSOD1 to misfold and
aggregate as its primary toxic gain of function (70). Indeed, the majority of ALS-causing

mutations in SOD1 have been shown to destabilize the protein’s native fold in silico (71) and in
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vitro (72-74), and the severity of this destabilization is correlated with decreased survival time
in fALS1 patients (75, 76). It thus appears that mSOD1-induced proteotoxicity is a central
contributor to fALS1 and that misfolded, non-mutant SOD1 could contribute to the
pathogenesis of other ALS subtypes.

Several groups are investigating the molecular determinants of SOD1 misfolding and
aggregation. In its mature, homodimeric state, SOD1 is extremely stable and retains dismutase
activity in the presence of 10M urea in vitro (77). This stability is largely mediated by the
associated Zn?* ion, which tethers the relatively unstructured electrostatic and zinc-binding
loops, protecting the eight-stranded Greek key B-barrel enzymatic core (70, 72, 78, 79). In vitro
assays suggest that dissociation of the SOD1 homodimer is a necessary initiating step in SOD1
aggregation (80, 81). Monomeric SOD1 is more prone to dissociation from the stabilizing Zn?*
ion, leading to exposure of B-barrel edge strands (78, 79) and freer movement of the
electrostatic loop (82). Metal-free, monomeric SOD1 has increased surface hydrophobicity, and
this increase in surface hydrophobicity appears to precede its aggregation (83, 84). A general
model of ALS-associated SOD1 aggregation has thus emerged in which dissociation of the SOD1
homodimer and subsequent Zn?* loss promote structural changes favoring assembly of the
protein into non-native oligomers (70).

Metal-free, monomeric SOD1 has been observed in both insoluble, detergent-resistant
aggregates (also called inclusion bodies when microscopically visible) and soluble oligomers in
cell culture, transgenic mice overexpressing mSOD1 and fALS1 patients (63, 64, 70, 85-87).
Which of these species contributes most to motor neuron death remains a controversial subject

in the field. The large, insoluble aggregates appear coincidentally with symptom onset in brain
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stem and spinal cord motor neurons and accumulate with disease progression in mice
overexpressing mSOD1 (88, 89). Furthermore, in cell lines overexpressing mSOD1, 90% of cells
that formed inclusion bodies died within 48 hours of their formation, whereas 70% of cells
without visible inclusion body formation survived this time period (90). However,
immunohistochemical analyses using antibodies immunoreactive to misfolded SOD1 show that
soluble SOD1 oligomers are present from birth and are selectively enriched in the motor
neurons of transgenic mice overexpressing mutant SOD1 (91-93). Small, misfolded SOD1
oligomers are thus hypothesized to be the contributing toxic species, accumulating throughout
life and affecting multiple cellular pathways (70). Under this paradigm, the consolidation of
misfolded SOD1 into inclusion bodies is considered to be neuroprotective, as has been
observed with the aggregation of AB into plaques in Alzheimer’s disease (94) and the
aggregation of huntingtin into inclusion bodies in Huntington’s disease (95). Nevertheless, the
relative toxicities of the large-scale insoluble SOD1 aggregates or small soluble SOD1 oligomers
remain unknown and, as such, no clear model exists to explain SOD1’s proteotoxicity. It appears
that proteotoxicity plays a central role in ALS pathogenesis, with adverse effects on multiple

cellular pathways.
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1.2 Protein Quality Control Mechanisms

1.2.1 Protein quality control in fALS1

Many of the pathological mechanisms shown to contribute to ALS culminate in the
appearance of proteinaceous aggregates, suggesting that overloading or malfunction of protein
guality control machinery is a common feature across ALS disease subtypes (70). Indeed,
several protein quality control mechanisms are impaired in models of ALS and in the tissues of
ALS patients.

The ubiquitin-proteasome system (UPS) plays a major role in cellular protein
homeostasis, degrading many normal and damaged proteins (96, 97). The UPS serves two
functions: protein recruitment and degradation. Protein recruitment is accomplished through
the coordinated interplay of three enzymes, the first of which activates the cellular protein
ubiquitin in an ATP-dependent reaction allowing for its transfer to the second enzyme, a
ubiquitin carrier. Activated ubiquitin is then transferred from the ubiquitin carrier to the target
protein via the third enzyme, a ubiquitin protein ligase (98). The ubiquitin tag acts as a signal for
the target protein’s transport to the proteasome. The proteasomal machinery comprises two
19S cap structures and one 20S core, forming a 26S complex. The 19S caps serve primarily
regulatory roles, while the 20S supplies proteolytic activity (98). The proteasome is largely
responsible for mSOD1 degradation (99), and mSOD1 colocalizes with proteasomal subunits
and ubiquitin ligases (99-101). Ubiquitin- and ubiquitin-ligase positive inclusion bodies have
been identified in the motor neurons of both transgenic mice overexpressing mutant SOD1
protein (65, 102, 103) and postmortem spinal cord tissues from sALS patients (104-107),

indicating activity of the UPS and, possibly, the sequestration of its machinery due to increased
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substrate load (70). Furthermore, proteasomal activity was found to be impaired in the
brainstem and spinal cord of transgenic mice overexpressing mSOD1 both before and after
onset of symptoms (108, 109), and this impairment was detectable in extracts from the lumbar
spinal cord, the region most sensitive to ALS pathology, long before other regions (109).
Presymptomatic reductions of structural B3 subunit and B5 catalytic subunit protein levels were
also observed in these mice, as were postsymptomatic, motor neuron-specific decreases in 20S
protein levels as measured through immunohistochemical labeling (110). A decrease in
proteasomal catalytic activity was also observed in spinal cord homogenates from postmortem
SALS patients, and this decrease was concomitant with a reduction in 5 subunit protein levels
(112). Evidence thus supports that proteasomal activity is reduced in ALS-affected tissues.
Protein quality control through ER-associated degradation (ERAD) is also impaired in
ALS. During nascent protein synthesis and maturation in the endoplasmic reticulum (ER), mis-
folded proteins are removed from the ER lumen through the ERAD pathway. Overloading or
inhibition of ERAD leads causes an accumulation of mis-folded proteins in the luminal space,
triggering the Unfolded Protein Response (UPR) (112). ERAD is inhibited directly by mSOD1
through its binding of derlin-1 (113), a transmembrane protein responsible for the transport of
mis-folded proteins from the ER lumen to the cytoplasm for proteasomal degradation, and BiP
(114), a chaperone protein localized to the ER lumen. SOD1-mediated inhibition of ERAD
creates ER stress which activates apoptosis signal-regulating kinase 1 (ASK1), a pro-apoptotic
protein kinase (113). Interestingly, mutations in VAPB, a protein involved in the UPR, are linked

to some ALS cases (43). ER stress is thus a likely contributor to ALS pathogenesis.
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In addition to these proteasomal and ERAD deficits, protein homeostasis in motor
neurons is challenged in ALS by a higher threshold of activation for stress-induced protein
quality control mechanisms (115), known as the Heat Shock Response (HSR), compared to other
cell types in the spinal cord, which may contribute to a preferential vulnerability of motor

neurons to proteotoxic insult.

1.2.2 The heat shock response

The HSR is an evolutionarily-conserved orchestrated activation of protective responses
by the cell upon exposure to stress (116). Originally described as the biochemical response of
cells to elevated temperatures (117), the HSR has since been observed to respond to a variety
of cellular stresses including, amongst others, oxidative stress, altered pH, heavy metals and
detergents (118). A common consequence of cellular stressors is the presence of denatured or
misfolded proteins, often resulting in protein aggregation. The cell responds by arresting the
synthesis of non-essential proteins via the sequestration of mRNAs into protein structures
known as stress granules, or by directing them to P bodies for degradation (116). This inhibition
of general protein synthesis serves to reduce the intracellular protein load, reducing the
likelihood of further protein aggregation and accumulation.

The cell also responds to stress by selectively activating Heat Shock Factors (HSFs). HSFs
are transcription factors that mediate the stress response through interactions with conserved
DNA binding regions called Heat Shock Elements (HSE). The nuclear translocation of HSFs and
their subsequent interactions with HSEs produce an upregulation of Heat Shock Protein (HSP)

expression, a group of primarily chaperone-type proteins which act to alleviate the aggregation
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of mis-folded proteins (116, 119). In mammals, Heat Shock Factor-1 (HSF1) is the main HSF
responsible for stress-induced transcriptional activation. Under resting conditions, HSF1 is
cytoplasmic, monomeric and is bound with Heat Shock Protein 90 (HSP90) and the co-
chaperone p23. Cellular stress stimulates the dissociation of HSF1 from the HSP90 complex.
HSF1 then trimerizes and becomes phosphorylated, activating the protein’s DNA-binding ability
(120), and accumulates in the nucleus where it binds to HSEs in the promoters of target genes,
leading to HSP gene expression (116, 121).

In addition to dissociation of the HSP90 complex, the activation of HSF1’s pro-
transcriptional functionality involves heat shock RNA-1 (HSR1). HSR1 is a large, noncoding RNA
thermosensor that is required for HSF1 activation in human cell lines, functioning in a
ribonucleoprotein complex containing translation elongation factor elF1A that promotes
trimerization of HSF1 and expression of HSP genes at temperatures greater than 37°C (122).
Although the precise mechanism of HSR1’s contribution to HSF1 activation is unknown, most
known RNA thermosensors are complex nucleic acid structures found in the 5" UTR of mRNAs
that inhibit translation of the mRNA (123). High temperature induces melting of the secondary
structure, allowing for ribosomal access to the mRNA (123). These temperature-labile 5’
structures thus provide “thermosensing” functionality (123).

HSPs are highly conserved, ubiquitously expressed proteins belonging to a multi-gene
family. HSPs are grouped into sub-families based on their molecular weight and range in size
from 8 to 150 kilodaltons (kDa). The five major mammalian HSP sub-families are HSP90, HSP70,
HSP60, HSP40 and the small heat shock proteins (sHSP) (124). HSPs aid in the folding of nascent

polypeptides, or with the refolding of mis-folded proteins, and thus serve to prevent protein
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aggregation. HSPs also function in a variety of other cellular roles, including the transport and
degradation of proteins, signal transduction, cellular growth and differentiation, and the
prevention of apoptosis (125, 126). Isoforms of HSPs from the same sub-family can localize to
different subcellular compartments, and their expression can be constitutive or stress-
dependent. Within the HSP70 sub-family, for example, heat shock cognate protein 70 (HSC70)
is constitutively expressed, whereas inducible HSP70 (iHSP70) is expressed at very low levels or
only in response to stress, depending on cell type (127).

HSPs bind to mis-folded or unfolded proteins at exposed areas of high hydrophobicity.
HSPs may then attempt to re-fold the polypeptide in an ATP-dependent process that requires
the function of co-chaperone proteins. A common example of this HSP/co-chaperone interplay
is that of HSP70-family proteins, which bind unfolded or mis-folded proteins through their C-
terminal domain, and their HSP40-family co-chaperone proteins, which activate HSP70’s
ATPase activity (128). Should HSP-mediated refolding of a mis-folded polypeptide fail, HSPs will
shuttle their substrate to proteasomal or autophagic degradation pathways. For example,
HSP70 can associate with Bcl-2-associated athanogene (BAG-1) and the arboxyl terminus of
HSC70-interacting protein (CHIP) (129) co-chaperones, which coordinate transfer of the HSP70-
HSP40 complex’s protein substrate to proteasomal machinery by stimulating the unloading of

the protein substrate from the complex (130) and its ubiquitination (131), respectively.

1.2.3 The heat shock response in ALS
The threshold for stress-induced induction of HSP70 varies amongst neuronal

subpopulations (132). Motor neurons appear to be particularly resistant, as no upregulation of
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HSP70 was observed in primary dissociated motor neurons after heat shock, exposure to
excitotoxic glutamate or mSOD1-induced proteotoxicity (115). Similarly, immunohistochemical
analysis of post-mortem spinal cord slices using antibodies immunoreactive to HSP70 revealed
no upregulation of HSP70 in the motor neurons or astroglia of fALS1 and sALS patients (115) or
transgenic mice overexpressing mSOD1 (115, 133). It is likely this resistance stems from an
impaired activation of HSF1, as primary motor neurons expressing a constitutively active form
of HSF1 significantly upregulated expression of HSP70 as assessed by immunofluorescent
labeling of iHSP70 (115).

In addition to this reduced ability of motor neurons to respond to stress, mSOD1 is
believed to bind and sequester HSPs. Indeed, HSP27, HSP40 and HSP70 have been shown to
colocalize with SOD1-immunopositive aggregates in the spinal cord motor neurons of
transgenic rats overexpressing mSOD1 (90, 134, 135). However, the formation of inclusion
bodies likely reflects the failure of chaperones in motor neurons to handle proteotoxic insult, as
evidenced by an observed decrease in chaperoning activity in the lumbar spinal cord of
transgenic mice overexpressing mSOD1 (4). FALS1-affected motor neurons are thus challenged
both in their ability to handle housekeeping proteostasis due to insufficient proteasomal and
chaperoning activity and in their ability to respond to stress due to their high threshold for HSF1
activation. Improving the chaperoning capabilities of motor neurons has therefore emerged as

a target for therapeutic intervention.

1.2.4 The heat shock response as a therapeutic target for fALS1
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To investigate the effects of increased HSP expression on ALS pathogenesis, several
studies have used transgenic mice overexpressing HSP genes. In transgenic mice overexpressing
both HSP70 and mSOD1, no increases in time to symptom onset or survival were observed
compared to transgenic mice overexpressing mSOD1 alone (136). Similarly, transgenic mice
overexpressing both HSP27 and mSOD1 showed no improvements in time to symptom onset or
survival (137, 138), although an early protection of the neuromuscular junction was observed in
one study (138). These results suggest that upregulation of a single HSP is insufficient when
attempting to improve overall protein quality control (116). This is corroborated by in vitro data
demonstrating that overexpression of both HSP40 and HSP70 in a primary culture model of
fALS1 conferred substantially increased neuroprotection compared to the overexpression of
HSP70 alone (4, 5). Strangely, presymptomatic intraperitoneal (i.p.) injection of recombinant
human HSP70 (rhHSP70) significantly delayed the onset of symptoms, improved motor function
and increased lifespan in the SOD1%°3A transgenic mouse model of fALS1 (139). No increase in
the number of surviving motor neurons was observed at 120 days of age in rhHSP70-treated
SOD1%%3*A mice, and no rhHSP70 protein was detected in cortex or spinal cord tissues of the
same mice (139). The authors therefore attributed the beneficial effects of i.p. rhHSP70 to the
protection of muscle fibers and peripheral motor nerves (139, 140). Overall, genetic
manipulation of single HSP gene expression does not appear to offer substantial benefit in
models of ALS. Pharmacological agents that upregulate expression of HSPs therefore represent
a more attractive therapeutic strategy, and several have been assessed in models of ALS.

The only FDA-approved pharmacotherapeutic for ALS, Riluzole, has been shown to

increase lifespan in some ALS patients (11). Riluzole’s mechanism of action is poorly understood
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and is thought to involve inhibition of glutamate release and, consequently, protection of
motor neurons from excitotoxicity. Interestingly, Riluzole’s neuroprotection may also involve
the upregulation of HSPs. For instance, Riluzole increases the protein levels of cytosolic HSF1
monomers and nuclear HSF1 dimers and trimers in stressed Hela cells, producing an amplified
HSR (141). Riluzole was also shown to increase the activity of the glial glutamate transporter 1
(GLT1) promoter, which harbors a HSE, possibly through activation of HSF1 (142). A conclusive
link between Riluzole and the HSR has yet to be established, but this initial link between HSF1

activation and increased survival warrants further evaluation of HSR-modulating compounds.

1.3  HSP90 Inhibition as a Therapeutic Strategy

1.3.1 HSPI90

HSP90 is a ubiquitously expressed, multifunctional family of chaperones that are among
the most abundantly expressed proteins in mammalian cells. Five human HSP90 isoforms have
been identified which differ in substrate specificity, subunit structure and subcellular
localization (143). HSP90 functions in a multicomponent complex of chaperones that includes
HSP70, HSP40, Cdc37 and p23 to regulate several cellular processes including cell cycle, signal
transduction, maturation of client proteins, cellular proliferation and apoptosis (144-146).

Unsurprisingly, HSP90Q’s client proteins include a variety of cell signaling molecules,

29



transcription factors and hormone receptors, many of which are implicated in oncogenesis
(146).

The structure of HSP9O0 is organized into three functional domains: the C-terminal
domain, which is essential for HSP90’s dimerization; the middle domain, which contains binding
sites for HSP9O0 client proteins; and the N-terminal domain, which contains an ATP-binding site
and harbours ATPase activity (147). The conformation of HSP90 is closely linked to its ATP-
binding ability. Briefly, when the ATP-binding sites in the HSP90 dimer’s N-terminal domains are
occupied by ATP, the N-terminal domains tightly associate creating a “closed” HSP90 complex.
In this closed conformation, HSP90 client proteins are sequestered within the HSP90 complex.
ATPase-catalyzed hydrolysis of the bound ATP molecules drives movement of the HSP90
complex which causes the N-terminal domains of each subunit to dissociate, creating an “open”
state that promotes release of client proteins from the HSP90 complex (147). The ATPase
activity of HSP90 is modulated by the cohort of co-chaperones associated with the complex. For
example, Cdc37 and p23 inhibit ATPase activity, promoting an open-state HSP90 complex, while
Ahal and Cpr6 stimulate ATPase activity, promoting a closed-state complex (148, 149).
Regulation of HSP90 activity is thus a complex, dynamic process involving the recruitment of
many co-chaperone proteins that either drive or inhibit ATPase activity. The ATP-binding site
has thus emerged as the main target for the development of therapeutics targeting HSP90

function.

1.3.2 HSP90 inhibitors

30



Small molecule HSP90 inhibitors have been assessed in models of both cancer and
neurodegeneration. These molecules target the ATP binding site in the N-terminal region of
HSP90, blocking ATP binding. This locks the HSP90 in the “open” conformation as the N-
terminal regions of each monomer cannot associate in the absence of ATP. Blocking the ATP
binding site thus promotes the release of HSP90 client proteins, which include many pro-
survival transcription factors and HSF1. HSF1 is then free to enter the nucleus and associate
with HSEs (see section 1.2.1). Two classes of HSP90 inhibitors exist; those based on the
ansamycin backbone, and those based on the radicicol backbone. Geldanamycin, an ansamycin-
based compound, was the first HSP90 inhibitor identified (150). Geldanamycin effectively
induces the HSR in vitro, but has limited in vivo utility due to its narrow therapeutic window and
its inability to cross the BBB (151). Derivatives of geldanamycin, such as 17-allylamino-17-
desmethoxygeldanamycin (17-AAG) and 17-(2-dimethylaminoethyl)-amino-17-
desmethoxygeldanamycin (17-DMAG) demonstrate improved activity in vitro and BBB-
penetrance in vivo, but cause hepatotoxicity (152). Radicicol does not cause hepatotoxicity, but
is highly unstable in vivo and therefore not appropriate for therapeutic purposes (153).
Furthermore, both radicicol and 17-AAG are cytotoxic to primary motor neurons at
concentrations necessary for HSR induction (5). HSP90 inhibitors are thus clear inducers of the

HSR, but require further development before their translation to the clinic is possible.

1.3.3 HSP90 inhibitors in protein folding diseases
The HSR induced by HSP90 inhibition has been assessed for therapeutic efficacy in

models of several neurodegenerative diseases where protein misfolding contributes
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pathologically. In a primary culture model of fALS1, geldanamycin induced the expression of
HSP70 and HSP40, prevented the formation of mutant SOD1 inclusions and prolonged motor
neuron viability (5). Furthermore, an in vitro screen of small molecules for efficacy in preventing
a-synuclein aggregation and toxicity identified 17-AAG and other geldanamycin derivatives
(154). 17-AAG was also effective in vivo, where it reduced the toxicity of polyglutamine-
containing repeats in a mouse model of spinal-bulbar muscular atrophy (SBMA) as reflected by
an increase in motor performance, body weight and survival in transgenic mice overexpressing
polyglutamine-expanded androgen receptor (AR) (155). This improvement in the SBMA mouse
phenotype likely involved an HSR-independent protective mechanism, as 17-AAG-mediated
induction of HSP40 and HSP70 was not as marked as the reduction in AR protein level (155).
Indeed, AR is stabilized by HSP90, and opening of the HSP90 complex releases AR to be
degraded by the proteasome (156). HSP90 inhibition can therefore provide cytoprotection
through two pathways: the upregulation of HSPs through release of HSF1 and the liberation and
degradation of toxic HSP90 client proteins. It is worth noting, however, that disruption of the
HSP90 complex alters several cellular signaling pathways. Indeed, geldanamycin treatment
increased the abundance of several protein kinases, including p38 MAP kinase, in a cancer cell
line (157). Given that activation of p38 MAP kinase is a pathogenic contributor to mSOD1
toxicity (158), it is important to consider the possible potentiation of mSOD1-related disease

pathways when assessing HSP90 inhibitors in fALS1 models.

1.3.4 A novel HSP90 inhibitor, NXD30001
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The development of more tolerable HSP90 inhibitors stemmed from their investigation
as possible therapeutics for cancer. In collaboration with Dr. Nicolas Winssinger of Université
Louis Pasteur, NexGenix Pharmaceuticals engineered a series of radicicol-based HSP90
inhibitors. The lead compound of this series, NXD30001, exhibits in vivo stability, BBB
permeability, high binding affinity to HSP90, accumulation in nervous tissues and an improved
safety profile (8, 159, 160). In the BT474 human breast cancer cell line, NXD30001 dose-
dependently decreased the protein levels of HSP90 client proteins with an efficacy comparable
to 17-AAG and radicicol (8). NXD30001 also induced the expression of iHSP70 and HSP40 in the
motor neurons of dissociated murine spinal cord-dorsal root ganglia (DRG) cultures in an HSF1-
dependent manner (8). Furthermore, NXD30001 delayed the accumulation of mSOD1,
prevented the formation of SOD1 inclusion bodies, maintained mitochondrial morphology and
prolonged motor neuron viability in a primary culture model of fALS1 (8). Thus, we proceeded
to evaluate NXD30001’s ability to induce the expression of HSPs in vivo using the SOD16%34

transgenic murine model of fALS1.
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Chapter 2: Hypothesis and Rationale
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2.1 Hypothesis

The novel small molecule HSP90 inhibitor NXD30001 will induce Hsp gene expression in
the tissues of transgenic mice overexpressing mutant SOD1 (SOD1%°34) and their non-transgenic

littermates.

2.2 Rationale

Heat shock proteins have proven to be neuroprotective in several models of
neurodegenerative disease, including ALS. Our lab has demonstrated that HSP90 inhibitor-
mediated induction of HSP expression and/or liberation of HSP90 client proteins protects
against several endpoints of toxicity in primary motor neurons overexpressing mSOD1 (5, 8).
Commercially available HSP90 inhibitors do not have a favourable profile for in vivo
administration due to their narrow therapeutic windows, their inability to cross the BBB and/or
their low stability in vivo. NXD30001, a novel small molecule HSP90 inhibitor licensed by
NexGenix Pharmaceuticals for development, exhibits in vivo stability, high binding affinity to
HSP90, BBB-penetrance and an improved safety profile relative to the parent compound.
NXD30001 readily induced the degradation of HSP9O0 client proteins in the BT474 human cancer
cell line, and induced the expression of iHSP70 and HSP40 in a primary spinal cord culture (8).
NXD30001 thus demonstrated a favorable profile for in vivo use. The aim of this study was to
investigate the ability of NXD30001 to induce the expression of HSPs in vivo using the SOD16%3A

transgenic model of fALS1.
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Previous studies have examined the effect of HSP modulation in SOD15%3A transgenic
mice through overexpression of HSPs, injection of recombinant HSP70 or administration of
small molecule HSP co-inducers. The overexpression of HSP70 in SOD1%%3A transgenic mice
failed to confer neuroprotection, as no improvements in time to symptom onset or survival
were observed (136). Overexpression of HSP27 also failed to extend time to symptom onset or
survival in SOD1%%3A transgenic mice (137, 138). Thus, systemic overexpression of a single HSP
does not appear to confer substantial benefit in genetic models of ALS. Interestingly, i.p.
injection of rhHSP70 extended the lifespan of SOD1%°3A transgenic mice, a result attributed to
protection of peripheral nerves and muscle fibers (139, 140). Administration of arimoclomol, a
small molecule HSP co-inducer that potentiates but does not constitutively induce HSP gene
expression, has also extended lifespan in SOD1%%3*A transgenic mice when administered orally at
early (6) or late (7) stages of disease. Increasing HSP protein levels through either injection of
active HSP70 or pharmacological modulation of HSP gene expression can therefore confer
neuroprotection in genetic models of ALS.

Motor neurons have a high threshold for stress-induced induction of HSPs; indeed,
motor neurons in SOD1%°3A transgenic mice do not express iHSP70 (115). This high threshold
has been linked to a failure of motor neurons to activate the HSF1 transcription factor (115).
Targeting HSF1 activation pharmacologically could therefore provide neuroprotection by
upregulating HSP expression in motor neurons. NXD30001’s ability to constitutively induce
multiple HSPs in vitro through activation of HSF1 thus supported its investigation using the
SOD15%3A transgenic model of fALS1. The first step was to conduct a preliminary dose-finding

study to assess penetration of NXD30001 into nervous tissue and induction of HSPs prior to
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evaluating efficacy against the motor neuron disease phenotype in the SOD16%3* transgenic

mouse model.

2.3 Specific Aims:

1. To assess the distribution of NXD30001 compound in the tissues (lumbar spinal cord,
brain, skeletal muscle, liver) of nontransgenic and SOD1%%3A transgenic mice

2. To assess NXD30001-mediated HSF1 activation and HSP gene expression in the tissues
(lumbar spinal cord, brain, skeletal muscle, liver) of SOD1%°3A transgenic mice

3. To assess the effect of NXD30001 on SOD1 protein levels in the tissues of SOD1%934
transgenic mice (lumbar spinal cord, skeletal muscle)

4. To assess the dose-response and time course of NXD30001-mediated HSP gene

expression in the tissues (lumbar spinal cord, brain, skeletal muscle, cardiac muscle,
liver, kidney) of nontransgenic and SOD1%°3* transgenic mice
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Chapter 3: Materials and Methods
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3.1 SOD1%%A transgenic mice

3.1.1 Generation and maintenance of transgenic mouse line

C57BL6-TgN(SOD1%%34)1Gur, transgenic for human SOD1 with the ALS-associated
mutation, G93A and nontransgenic littermates were used in this study. Initial breeders were
obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Lines were maintained in the
animal facility at the Montreal Neurological Institute and mice hemizygous for the transgene
were obtained by breeding hemizygous males with non-transgenic C57BL6 females. All
experiments were approved by the McGill University Animal Care Committee and followed the
guidelines of the Canadian Council on Animal Care. Mice were genotyped for human SOD1
using the JAX protocol, as previously described (134). Litters including at least three transgenic
and three non-transgenic littermates were used at symptomatic stage (approximately P120).
SOD1%%3A transgenic mice were designated “symptomatic” by positive hind- limb extensor
reflex. Mice were killed by deep anesthesia with intraperitoneal injection of a mixture of 180 uL

ketamine and 20 pL xylazine.

3.1.2 Dosing of mice with NXD30001

Mice were injected i.p. with 50, 100, or 150 mg/kg NXD30001 in 10% dimethyl sulfoxide
(DMSO0), 5% Tween20, 15% Cremaphor EL and 70% saline, whether as a single dose or repeated
3X weekly for two weeks. Solid NXD30001 compound was stored at -20°C and solutions for
injection were prepared fresh at room temperature approximately 30 min before

administration.
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3.1.3 Measuring tissue levels of NXD30001 compound

Early symptomatic mice (D115-D139) treated with 50 mg/kg i.p. NXD30001 three times
weekly for two weeks were euthanized by deep anesthesia via i.p. injection of
ketamine/xylazine 1 hr or 6 hr after the last injection. Blood was obtained by cardiac puncture
(ethylenediaminetetraacetic acid (EDTA) anticoagulant); subsequently, mice were perfused
with normal saline to flush blood from the tissues. Brain, spinal cord, liver, kidney, heart and
skeletal muscle (quadriceps) were harvested and samples were divided in two for separate
analysis of drug level and expression of HSPs. Plasma was collected following centrifugation of
blood samples at 2000 x G. Plasma and tissues were placed immediately on ice and then frozen
and stored at -80°C.

Plasma and tissue levels of NXD30001 were analyzed under subcontract to Cerep
(Redmond, WA, USA). Each tissue sample was homogenized in 0.75 mL cold phosphate-
buffered saline (PBS), pH 7.4 for 10 sec on ice using Power Gen 125. The homogenized tissue
was then stored at -20°C until further processing. NXD30001 was extracted from plasma and
tissue homogenates using acetonitrile precipitation. Calibration standards (1-5000 ng/mL) were
generated by spiking 2.5 or 10 L of each 20X standard solution of the test compound into 47.5
or 190 pl of drug-free plasma or tissue homogenate, respectively. The spiked sampled were
processed together with the unknown samples. Briefly, 200 pL of acetonitrile was added to
each 50 pL plasma sample, and 400 uL of acetonitrile was added to each 200 pL sample of
tissue homogenate. Samples were mixed for 5 min on the plate shaker and then centrifuged at
6000 x G for 15 min at 4°C. NXD30001-containing supernatant was transferred into a new tube

and was centrifuged at 3900 x G for 15 minutes. 20 plL of the supernatant was subjected to
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liquid chromatography — mass spectrometry (LCMS) analysis. A Gemini NX C18 column (2 x 50
mm, 5 um) was used (Phenomenex, Torrance, CA, USA). The mobile phase A was 12 mM
ammonium formate/6 mM formic acid in water/methanol and the mobile phase B was 6mM
ammonium formate/3 mM formic acid in water/methanol (1/9, v/v). The flow rate was 0.5
mL/min and the gradient was 60% B for 0.5 min, 60-100% B in 1.5 min, and 100% B for 0.9 min.

A TSQ Quantum mass spectrometer was used for tandem mass spectrometry analysis.

3.2  Analysis of HSP expression in murine tissues

3.2.1 Tissue preparation

Ice-cold excised tissue samples were homogenized in 2% SDS sample buffer (20 mM Tris,
2 UM EDTA) containing protease inhibitor cocktail (Roche, Mississauga, ON, Canada) using a 2
mL Wheaton hand homogenizer. Tissue homogenates were sonicated for 5 sec at 50% cycle
using a Vitro Cell Sonicator and centrifuged at 15,000 x G for 15 min. Supernatants were
collected and sample protein concentrations were determined using the Bradford protein
assay. 25 ug of protein from each sample was prepared with Laemmli loading buffer containing

5% B-mercaptoethanol and boiled for 5 min.

3.2.2 SDS-PAGE and Western Blotting

Protein samples were separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (10% acrylamide resolving gel, 4% acrylamide stacking gel) at 100 V.
Gels were run until the loading dye front reached approximately 1 cm from the bottom of the

resolving gel. Separated proteins were transferred to a nitrocellulose membrane at 100 V at 4°C
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for 1 hr followed by 30 V at 4°C overnight. Transfer efficiency was assessed using Ponceau
protein staining of the nitrocellulose membrane. Following transfer, the nitrocellulose
membranes were blocked for 30 min at room temperature via gentle rocking in 5% skim milk in
tris-buffered saline (TBS) at room temperature. The blocked membranes were probed with
primary antibody overnight at 4°C with gentle rocking, and with horseradish peroxidase (HRP)-
conjugated secondary antibody for 45 min at room temperature with gentle rocking. The
membranes underwent three 15 min washes in 0.3% Tween-TBS after each probing. HRP
activity was stimulated by HyGlo Chemiluminescent HRP detection reagent (Denville Scientific,
Metuchen, NJ, USA). Immuneoreactive protein bands were visualized using the INTAS imaging

system (INTAS Science Imaging Instruments, Gottingen, DE).

3.2.3 Statistics
The optical densities of immunoreactive protein bands were normalized to loading
controls and statistics were performed using a one-way, parametric ANOVA for independent

samples. Statistical significance was defined as p < 0.05.

3.3: Positive controls and antibodies

3.3.1 Heat shock of dissociated spinal cord-DRG cultures

Two positive iHSP70 controls were used: Recombinant human iHSP70 (see below) and
extracts of heat shocked murine embryonic spinal cord-DRG cultures. The latter are routinely
used in our laboratory and, although the motor neurons do not upregulate HSP gene expression

following heat shock, other cells do (115). Cultures were prepared as previously described
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(161). Briefly, spinal cords with attached DRGs were dissected from embryonic day 13 CD1
mouse embryos (Charles River Laboratories, Wilmington, MA), dissociated using trypsin and
trituration, plated on glass coverslips coated with poly-D-lysine (Sigma-Aldrich, Oakville, ON)
and Matrigel (Invitrogen Life Technologies, Burlington, ON) at cell densities of 350,000
cells/coverslip for 12 mm coverslips and 950,000 cells/coverslip for 18 mm coverslips. Culture
medium was minimum essential medium (HyClone Minimum Essential Medium, Thermo
Scientific, Nepean, ON), 1% N3 stock solution (1.74 uM insulin, 200 pg/mL transferrin, 10 ug/mL
BSA, 198 uM putrescine, 150 nM selenium, 30 nM triiodothyronine, 25 nM hydrocortisone, 40
nM progesterone), 3% horse serum (Invitrogen Life Technologies), 2.5 ng/mL nerve growth
factor (NGF) (UBI, Lake Placid, NY, USA), 5 g/L dextrose and 1.5 g/L sodium bicarbonate. At
confluency (approximately 5 days after plating), cultures were treated with 1.4 pg/mL cytosine-
B-D-furanoside (CAF) to arrest mitosis of non-neuronal cells. Cultures were allowed to mature
over three to four weeks.

For heat shock, spinal cord-DRG cultures on coverslips were transferred to individual
culture dishes containing Eagle's Minimum Essential Medium (EMEM) without bicarbonate, pH
7.4 (HyClone EMEM, Thermo Scientific, Nepean, ON) at 37°C. Coverslips were placed in a 43°C
water bath for 30 min, with each dish wrapped in parafilm to prevent leakage and
contamination. Coverslips were then transferred back into regular culture medium and
incubated at 37°C for 6 hr to allow cellular recovery. Total cell lysates were collected by
scraping the coverslips in 2% SDS sample buffer (20 mM Tris, 2 uM EDTA) using a 25 cm
disposable cell scraper (Fisher Scientific, Ottawa, ON, CA). Cell lysates were sonicated for 5 sec

at 50% cycle using a Vitro Cell Sonicator and centrifuged at 15,000 x G for 15 min. Supernatants
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were collected and sample protein concentrations were determined using the Bradford protein
assay. 25 ug of protein from each sample was prepared with Laemmli loading buffer containing
5% B-mercaptoethanol and boiled for 5 min. Samples were subjected to SDS-PAGE and Western

blotting as described above.

3.3.2 Recombinant human HSP70
Recombinant human HSP70 (HSP72) protein was purchased from Stressgen (Victoria,
BC, USA). 0.1 ug of protein was prepared in 2% SDS sample buffer (20 mM Tris, 2 uM EDTA) and

Laemmli buffer containing 5% B-mercaptoethanol prior to SDS-PAGE.

3.3.3 Antibodies

Antibodies used for the detection of HSPs on Western blots were: monoclonal mouse
anti-iHSP70 (Enzo Life Sciences, Framingdale, NY, USA. SPA-810; 1:1000), rabbit anti-HSP40
(Enzo Life Sciences. SPA-400; 1:1000), goat anti-HSP25/27 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA. SC-1049; 1:500), rabbit anti-HSP60 (Santa Cruz SC-13966; 1:500), and rabbit anti-
HSP90 (Santa Cruz SC-7947; 1:1000). For analysis of HSF1 activation, monoclonal rat anti-HSF1
was used (Enzo Life Sciences SPA-950, clone # 10H8; 1:1000). Mouse anti-B-actin (MP

Biochemicals, Solon, OH, USA; 1:10000) was used for loading control.
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Chapter 4: Results
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4.1 To assess the distribution of NXD30001 compound in the tissues (lumbar
spinal cord, brain, skeletal muscle, liver) of nontransgenic and SOD1693A
transgenic mice

4.1.1 Tissue penetrance of NXD30001 after an acute dose in wild-type mice

Currently-available small molecule HSP90 inhibitors are either unstable in vivo or have
difficulty crossing the BBB. Investigating the tissue penetrance and stability of NXD30001 was
therefore necessary prior to any functional analysis. Studies by NexGenix Pharmaceuticals had
established i.p. administration as the best route of administration for NXD30001, oral
bioavailability being very low likely due to the low aqueous solubility of the compound (Table
1). The distribution of NXD30001 in CNS tissue after a single, 100 mg/kg i.p. dose in
nontransgenic mice is presented in Table 2. The concentration of NXD30001 in brain exceeded
40 nM, a concentration that induced HSP expression in a culture model of fALS1 (8), and
persisted for at least 12 hr after dosing.

To compare NXD30001’s BBB permeability to another HSP90 inhibitor, a parallel group
of mice was dosed i.p. with 70 mg/kg of 17-AAG. 17-AAG has been reported to reach uM
concentrations in brain tissues following single i.v. doses of 40 or 60 mg/kg in mice (162). Unlike
NXD30001, 17-AAG was barely detectable in brain tissue 6 hr after dosing, and was
undetectable by 12 hr after dosing. NXD30001 thus accumulates in the brain tissues of mice
following a single i.p. dose at substantially greater levels compared to 17-AAG.

4.1.2 Tissue distribution of NXD30001 after subacute dosing in symptomatic SOD1%%3A
transgenic mice
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Having established accumulation of NXD30001 in brain of wild type mice, the next step
was to determine a dosage regimen and the tissue distribution of NXD30001 in the SOD1%°34
model of fALS1, an established preclinical ALS model for evaluating therapeutics. Measuring
NXD30001’s CNS penetrance was necessary in this model due to the altered BBB function in
SOD16%3A transgenic mice (163). A subacute dosing regimen was pursued to provide preliminary
information for the development of a chronic, therapeutic-oriented dosing strategy in disease-
relevant in vivo models. Previous studies by NexGenix established a tolerable dosing schedule in
nontransgenic, wild-type mice of 50 mg/kg NXD30001 delivered i.p. three times per week
without clinical toxicity. This dosing regimen was followed for two weeks in symptomatic
SOD1%%3A transgenic mice, as measured by abnormal extension reflex beginning around P120.
Early symptomatic mice were chosen for this analysis as they parallel the typical stage of ALS
disease when pharmacological intervention is initiated in patients. NXD30001 drug levels were
measured in plasma, brain, lumbar spinal cord, skeletal muscle and liver tissues of these mice
collected 1 hr or 6 hr after the final dose (table 3). NXD30001 was cleared rapidly from plasma,
with drug levels falling to near-undetectable levels 6 hr after the final dose. NXD30001 rapidly
accumulated in tissues. In brain and lumbar spinal cord tissues, the concentration of NXD30001
exceeded 40 nM at both time points, with maximum concentrations ranging from 459 to 1689
nM at 1 hrin brain, and from 536 to 1709 nM at 1 hr in spinal cord. Much higher concentrations
were observed at both time points in skeletal muscle and liver tissues, with maximum
concentrations occurring at 1 hr in both tissues. It is also worth noting that no phenotypic
differences were observed between NXD30001-treated mice and their untreated littermates at

any dose or time point.
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4.2 To assess NXD30001-mediated HSF1 activation and HSP gene expression
in the tissues (lumbar spinal cord, brain, skeletal muscle, liver) of
SOD1%%A transgenic mice

4.2.1 Tissue profile of NXD30001-mediated induction of iHSP70 expression in SOD16%3A
transgenic mice dosed for 2 weeks

Having demonstrated distribution of NXD30001 to nervous tissue, tissues from the
SOD15%3A transgenic mice described in section 4.1.2 (50 mg/kg, NXD30001, 2 weeks, 3x weekly
dosing regimen) were analyzed for expression of iHSP70 to provide a preliminary measure of
NXD30001’s efficacy in inducing HSP gene expression in vivo. iHSP70 is a convenient biomarker
of NXD30001’s ability to induce HSP gene expression as the protein is barely- or un-detectable
in vivo by Western blot under normal conditions. Total tissue extracts of brain, lumbar spinal
cord, liver and skeletal muscle were subjected to Western analysis using antibodies against
iHSP70 and B-actin as loading control. Recombinant human iHSP70 and heat-shocked
dissociated murine spinal cord-DRG cultures were loaded as positive controls. NXD30001
induced the expression of iHSP70 in the 1 hr and 6 hr skeletal muscle samples, but iHSP70
expression was not induced by NXD30001 at any time point in liver, brain or lumbar spinal cord
tissues (Fig. 1). NXD30001-mediated induction of iHSP70 expression reached statistical
significance only after 6 hr (p < 0.05, one-way ANOVA, Fig. 2). Very low levels of iHSP70 were

detected in the vehicle-treated and NXD30001-treated 6 hr lumbar spinal cord samples.

4.2.2 NXD30001 induced activation of HSF1 transcription factor in skeletal muscle, but not
lumbar spinal cord tissue of SOD1%%3A transgenic mice

Previous in vitro work demonstrated that NXD30001’s ability to induce expression of
HSPs in motor neurons was dependent on activation of the HSF1 transcription factor (8).
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NXD30001’s ability to induce activation of HSF1 in vivo could therefore reflect its ability, or lack
thereof, to induce expression of HSP genes in tissues. HSF1 activation is visualized through
Western immunoblot via “gel-shift” of the 82 kDa protein band; that is, the appearance of a
higher molecular weight smear that corresponds to a hyperphosphorylated form of the
transcription factor. Whole tissue extracts of skeletal muscle and lumbar spinal cord from the
same mice analyzed in sections 4.1.2 and 4.2.1 were subjected to Western analysis using an
antibody immunoreactive to HSF1. Gel-shift of HSF1 was observed in NXD30001-treated
skeletal muscle after 1 hr, but not after 6 hr and never in vehicle-treated mice (Fig. 2). Gel-shift
of HSF1 was not, however, observed in lumbar spinal cord samples from NXD30001- or vehicle-
treated mice at any time point (Fig. 3). Activation of HSF1 was therefore concordant with

NXD30001-induced induction of iHSP70 expression.

4.2.3 NXD30001 did not induce expression of HSP90, HSP60 or HSP40 in skeletal muscle or
lumbar spinal cord of SOD1%%3A transgenic mice

NXD30001 induced the expression of both iHSP70 and HSP40, but not other HSPs, in
vitro (8). To assess whether NXD30001 produced a similar pattern of HSP gene expression in
vivo, the blots prepared in section 4.2.2 were re-probed using antibodies immunoreactive to
other HSPs (HSP90, HSP60, HSP40, HSP25). In skeletal muscle, no increases in HSP90, HSP60,
HSP40 or HSP25 were observed with NXD30001 treatment (Fig. 2). In lumbar spinal cord, no
increases in HSP90, HSP60 or HSP40 were observed, but an increase in HSP25 protein levels was
concordant with administration of NXD30001 without reaching statistical significance at p <
0.05 (p = 0.06, one-way ANOVA, Fig. 3). The profile of NXD30001-mediated induction of HSP

gene expression therefore differs in vivo from in vitro.
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4.3 To assess the effect of NXD30001 on SOD1 protein levels in the tissues
(lumbar spinal cord, skeletal muscle) of symptomatic SOD1%°3* transgenic
mice

4.3.1 NXD30001 did not reduce SOD1 protein levels in skeletal muscle or lumbar spinal cord
tissues of SOD1%%3A transgenic mice

The accumulation and aggregation of mSOD1 protein is posited to be a central
contributor to pathogeneses in fALS1 patients and SOD1%%3 transgenic mice (70). Reducing the
levels of mSOD1 protein is therefore a target for therapeutic intervention and could represent a
biochemical marker of therapeutic efficacy. Indeed, NXD30001 reduced mSOD1 aggregate load
in primary motor neurons overexpressing mSOD1 through upregulation of HSP gene expression
and/or liberation and degradation of mSOD1 bound to the HSP90 chaperone complex, and this
reduction was associated with increased neuronal viability (8). To determine if treatment with
NXD30001 had a similar effect in vivo, the blots prepared in section 4.2.2 were re-probed using
an antibody immunoreactive against SOD1 protein. In skeletal muscle and lumbar spinal cord
tissues, no decrease in SOD1 protein level was observed following administration with
NXD30001; in fact, a statistically significant increase in SOD1 protein level was observed in the 6
hr lumbar spinal cord samples following treatment with NXD30001 (p < 0.05, one-way ANOVA,
Fig. 3). NXD30001-mediated induction of iHSP70 expression in skeletal muscle and/or
NXD30001-mediated dissociation of the HSP90 chaperone complex in skeletal muscle and
lumbar spinal cord therefore do not reduce SOD1 protein load in either tissue, as detectable by
Western immunoblot. Note that a high molecular weight band immunoreactive with SOD1
antibody appeared in vehicle- and NXD30001-treated spinal cord samples after 1 hr; these

bands were included for quantitation.
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4.4 To assess the dose-response and time course of NXD30001-mediated HSP
gene expression in the tissues (lumbar spinal cord, brain, skeletal muscle,
cardiac muscle, liver, kidney) of nontransgenic and SOD1%%3* transgenic
mice

4.4.1 Acute dosing with NXD30001 induced expression of iHSP70 in skeletal muscle, cardiac

muscle and kidney, but not liver or CNS tissues

The dose-response and time course of NXD30001-induced HSP gene expression was
further investigated in wild-type, nontransgenic C57BL6 and symptomatic SOD1%%3A transgenic
mice. Cardiac muscle, quadriceps (skeletal) muscle, kidney, liver, brain and lumbar spinal cord
tissues were excised from mice dosed with 50, 100 or 150 mg/kg NXD30001 after 4, 16, 36, or
72 hr. Whole tissue extracts were subjected to Western analysis using antibodies against
iHSP70, HSP25 and B-actin as loading control. In the skeletal and cardiac muscles of mice dosed
with 100 mg/kg NXD30001, iHSP70 protein levels appeared to be highest after 16 hr, with
minimal iHSP70 protein observed in the 4 hr samples (Fig. 4A). 100 mg/kg NXD30001 also
induced iHSP70 expression in the skeletal and cardiac muscle tissues of SOD15%3A transgenic
mice after 16 hr (Fig. 4B). iHSP70 protein levels persisted in the cardiac and skeletal muscle
tissues of nontransgenic C57BL6 mice for up to 72 hr postinjection after 50 mg/kg and 100
mg/kg doses (Fig. 5). Weak induction of iHSP70 was also observed in the kidney of NXD30001-
treated mice after 16 hr, but protein levels were undetectable by 36 hr (Fig. 6). No iHSP70
expression was observed in liver at any dose or time point (Fig. 6).

No induction of iHSP70 was observed in brain or lumbar spinal cord tissues at any dose
or time point (Fig. 7), and no induction of HSP25 was observed in brain or lumbar spinal cord

tissues from mice dosed with 100 mg/kg NXD30001 after 4 or 16 hr (Fig. 8). A higher dose of
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NXD30001 was therefore administered to determine if the lack of HSP expression was due to a
higher threshold of NXD30001-mediated HSP induction in nervous tissues. Nontransgenic
C57BL6 mice were dosed i.p. with 150 mg/kg NXD30001, and brain and lumbar spinal cord
tissues were harvested after 16 hr. No increase in iHSP70 expression was seen in NXD30001-
treated mice in either tissue (Fig. 9). 150 mg/kg is the upper limit of drug solubility and

tolerability, making higher doses impossible.
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Table 1. Bioavailability of NXD30001 by different routes of administration

NXD30001 Crnax Tmax AUC(o1)  AUC(ow)  ti2z cL Vz
in mouse ng/mL hr ng/mL*hr ng/mL*hr hr L/hr/kg L/kg F(%)

iv. (4

mg/kg) 1023.3 0.08 405.4 413.9 0.89 9.66 12.34

i.p. (100

mg/kg) 1006 1 6258.0 6260.2 2.13 NA NA 60.5
p.o. (100

mg/kg) 63.1 8 213.5 353.8 1.51 NA NA 3.42

Bioavailability of NXD30001 in plasma was assessed in preliminary single-dose pharmacokinetic
analyses in nontransgenic mice. The doses of NXD30001 for both oral and i.p. administrations
were 100 mg/kg, and 4 mg/kg i.v. Concentrations of NXD30001 were measured using LC/MS.

Definitions: Cmax: Maximum concentration; Tmax: Time of the maximum concentration; AUC(o-t): Area under the curve

from the time of dosing to the time of the last observation; AUC(o-): Area under the curve from the time of dosing
to infinity; t12z: Terminal half-life; CL: Clearance; Vz: Volume of distribution at terminal phase; F(%): Bioavailability.
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Table 2. CNS penetration of NXD30001 compared to 17-AAG

NXD30001 concentration (ng/g) 17-AAG concentration (ng/g)
Time (hrs) (100 mg/'kg, i.p.[150 mg/kg, i.p. 75 mg/kg, i.p.
0 27.1 28.8 0.0
6 675.5 1439.5 2.6
12 823.0 3424.0 0.0
24 271.0 899.5 0.0
48 10.7 115.5 0.0
AUC (0-48 hr.)
16554 57135
ng x hr/g

CNS penetrance of NXD30001 and 17-AAG was assessed by measuring drug levels in brain
tissues of perfused nontransgenic mice via LC/MS. Mice were dosed i.p. with 100 mg/kg and
150 mg/kg NXD30001 or 75 mg/kg 17-AAG and tissues were extracted up to 48 hr. later. To
convert ng/g to uM, multiply value by 2.
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Table 3. Accumulation of NXD30001 in murine tissues, including CNS

Animal Plasma  Brain  Spmal cord  Liver Muscle
(ng/ml)  (ng/g)  (ng/g) (ng/g)  (ng/g)
NXD300001 tissue levels: 1-h postadministration
Mouse 36/6 455 810 815 9930 1812
Mouse 36/8 246 254 290 5451 12208
Mouse 36/9 189 219 256 4791 2182
NXD30001 tissue levels: 6-h postadministration
Mouse 36/1 18 68 501 3921 330
Mouse 36/2 12 247 339 410 632
Mouse 36/4 14 105 124 2347 253

Early symptomatic SOD1%%3A transgenic mice were dosed i.p. with 50 mg/kg NXD30001 on a
three times per week schedule for 2 weeks and were euthanized 1 hr. or 6 hr. after the last
dose. Excised tissues were snap-frozen and stored at -80°C. Tissue levels of NXD30001 were
measured by LC/MS (performed on contract by Cerep (Redmond, WA, USA), administered by
NexGenix Pharmaceuticals).
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Figure 1. NXD30001 induced expression of iHSP70 expression in skeletal muscle of SOD1¢°34
transgenic mice, but not in CNS or liver. Early symptomatic SOD1°3* were dosed i.p. with 50
mg/kg NXD30001 on a three times per week schedule for two weeks (tissue levels of NXD30001
were analyzed in the same mice; see Table 3). Tissues were harvested 1 or 6 hr. after the final
dose of NXD30001. Whole tissue extracts were subjected to Western analysis using antibodies
immunoreactive to iHSP70 and B-actin as loading control. Extracts of heat-shocked spinal cord-
DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as positive controls.
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Figure 2. Treatment with NXD30001 caused transient phosphorylation/activation of HSF1
(actHSF1) in skeletal muscle of early symptomatic SOD1%%3 transgenic mice. Mice were
administered vehicle or 50 mg/kg NXD30001 three times per week for two weeks and tissues
were harvested 1 or 6 hr. after injection of the last dose (same mice as in Table 3 and Fig. 1).
Whole tissue extracts were subjected to Western analysis using antibodies reactive to HSF1,
HSPs (iHSP70, HSP60, HSP40, HSP25), SOD1 and B-actin as loading control. Extracts of heat-
shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as
positive controls.
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Figure 3. Treatment with NXD30001 did not induce iHSP70 expression or activation of HSF1
(actHSF1) in lumbar spinal cord of early symptomatic SOD15%3A transgenic mice. Mice were
administered vehicle or 50 mg/kg NXD30001 three times per week for two weeks and tissues
were harvested 1 or 6 hr. after injection of the last dose (same mice as in Table 3 and Fig. 1).
Whole tissue extracts were subjected to Western analysis using antibodies reactive to HSF1,
HSPs (iHSP70, HSP60, HSP40, HSP25), SOD1 and B-actin as loading control. Extracts of heat-
shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as
positive controls.

58



A) Quadriceps Muscle B) Quadriceps Muscle

4 hr. post-injection 16 hr. post-injection 16 hr. post-injection
| 1

> O O O S @ P > Q 9

TR FEFIFIITIF PP &S S ¢ &F F

4 $ $ & & & A P S

FE LTSS TSI i?'qéz S &S

—
HSP70 | il . - - iHSP70 ‘ - -—

I e e pactn e o | oum——

Cardiac Muscle Cardiac Muscle
4 hr. post-injection 16 hr. post-injection 16 hr. post-injection
(R I—
1 | >
S e o P O
Q> S O 9 e © 9 el ROt
TR FFIITITIT P ITSS > g &8

L EFTFTTFSSFTFFTSS & E 888

iHSP70 ‘ — —

HSPT) | e e
B-Actin - M

B-Actin | s Ty =

Figure 4. A) Single dose i.p. administration of NXD30001 induced iHSP70 expression in
qguadriceps and cardiac muscle tissues after 16 hr., with minimal iHSP70 protein detected after
4 hr. Nontransgenic C57BL6 mice were dosed i.p. with a single dose of 100 mg/kg NXD30001
and tissues were extracted 4 or 16 hr. later. Whole tissue extracts were subjected to Western
analysis using antibodies immunoreactive to iHSP70 and B-actin as loading control. Extracts of
heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as
positive controls. B) Single dose i.p. administration of NXD30001 induced iHSP70 expression in
quadriceps and cardiac muscle tissues after 16 hr. in SOD1%°3A transgenic mice. Early
symptomatic SOD1%°3**transgenic mice were dosed i.p. with a single dose of 100 mg/kg
NXD30001 and tissues were extracted 16 hr. later. Whole tissue extracts were subjected to
Western analysis using antibodies immunoreactive to iHSP70 and B-actin as loading control.
Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70)
were run as positive controls.
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Figure 5. NXD30001-induced iHSP70 protein levels persisted up to 72 hr. in skeletal and cardiac
muscle tissues after a single i.p. dose. Nontransgenic C57BL6 mice were dosed i.p. with a single
dose of 50 mg/kg or 100 mg/kg NXD30001 and tissues were extracted 16, 36 or 72 hr. later.
Whole tissue extracts were subjected to Western analysis using antibodies immunoreactive to
iHSP70 and B-actin as loading control. Extracts of heat-shocked spinal cord-DRG cultures (H.S.
Ctrl) and recombinant iHSP70 (HSP70) were run as positive controls.
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Figure 6. NXD30001-induced transient iHSP70 expression in kidney, but not liver after a single
i.p. dose. Nontransgenic C57BL6 mice were dosed i.p. with a single dose of 50 mg/kg or 100
mg/kg NXD30001 and tissues were extracted 16, 36 or 72 hr. later. Whole tissue extracts were
subjected to Western analysis using antibodies immunoreactive to iHSP70 and B-actin as
loading control. Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant
iHSP70 (HSP70) were run as positive controls.
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Figure 7. NXD30001 did not induce iHSP70 expression in CNS tissues (brain, lumbar spinal cord)
at any dose or time point. Nontransgenic C57BL6 mice were dosed i.p. with a single dose of 50
mg/kg or 100 mg/kg NXD30001 and tissues were extracted 16, 36 or 72 hr. later. Whole tissue
extracts were subjected to Western analysis using antibodies immunoreactive to iHSP70 and B-
actin as loading control. Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and
recombinant iHSP70 (HSP70) were run as positive controls.
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Figure 8. Single dose i.p. administration of NXD30001 did not induce iHSP70 or HSP25
expression in CNS tissues (brain, lumbar spinal cord). Nontransgenic C57BL6 mice were dosed
i.p. with a single dose of 100 mg/kg NXD30001 and tissues were extracted 4 or 16 hr. later.
Whole tissue extracts were subjected to Western analysis using antibodies immunoreactive to
iHSP70, HSP25 and B-actin as loading control. Extracts of heat-shocked spinal cord-DRG
cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as positive controls.
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Figure 9. NXD30001 did not induce iHSP70 expression in CNS tissues (brain, lumbar spinal cord)
at its maximum tolerable i.p. dose. Nontransgenic C57BL6 mice were dosed i.p. with a single
dose of 150 mg/kg NXD30001 and tissues were extracted 16 hr. later. Whole tissue extracts
were subjected to Western analysis using antibodies immunoreactive to iHSP70 and B-actin as
loading control. Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant
iHSP70 (HSP70) were run as positive controls.
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Chapter 5: Discussion, Conclusions and Future
Directions
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5.1 Discussion:

The study reported in this thesis investigated the ability of NXD30001, a novel small
molecule HSP90 inhibitor, to induce the expression of HSPs in various tissues of wild type mice
and in SOD15%* transgenic mice, a model of fALS1 due to SOD1 mutation. The experiments
were conducted in preparation for an efficacy study of the compound in SOD1%°3A transgenic
mice.

Mutant SOD1 toxicity is complex and involves multiple cellular pathways in several cell
types. ALS-causing mutations increase the propensity of the SOD1 protein to mis-fold and
aggregate, promoting inappropriate interactions of the protein with cellular constituents and
the accumulation of mutant SOD1 oligomers in motor neurons. Mutant SOD1 is hypothesized to
challenge cellular mechanisms of protein homeostasis. Indeed, protein chaperoning activity and
proteasomal activity, two measures of cellular ability to maintain protein homeostasis, are
preferentially compromised in the spinal cords of SOD1%°3A transgenic mice (4, 108-110).
Proteasomal activity is also compromised in postmortem spinal cord tissues from sALS patients
(122). Increased demands on protein chaperoning and degradation pathways therefore
contribute to ALS pathogenesis due to multiple causes and are interesting targets for
therapeutic intervention.

HSP90 inhibitors are a class of small molecules initially evaluated as cancer therapeutics
due to their anti-tumorigenic ability. Their mechanism of action involves the dissociation of the
HSP90 chaperone complex, resulting in the release and degradation of several proliferative and
pro-survival signaling molecules. Dissociation of the HSP90 complex also releases the HSF1

transcription factor. Trimerized, phosphorylated HSF1 then accumulates in the nucleus, where
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it induces the expression of HSP genes through association with HSEs in the promoter regions.
This pharmacological induction of chaperoning activity has emerged as a strategy for treatment
of neurodegenerative disorders involving proteotoxicity, such as ALS. Therapeutic use of these
compounds has, however, been limited by their lack of CNS penetrance and narrow therapeutic
window. NexGenix Pharmaceuticals has developed a line of HSP90 inhibitor compounds based
on the radicicol backbone, the lead compound from which, NXD30001, demonstrating
distribution to CNS tissues and an improved safety profile relative to the parent compound.
NXD30001 was therefore investigated for therapeutic utility in models of fALS1.

NXD30001 was first evaluated in vitro using a primary spinal cord culture model of fALS1
derived from mouse embryos (67). NXD30001’s profile of HSP induction was similar to that
observed with geldanamycin, another small molecule HSP9O0 inhibitor, with both compounds
inducing the expression of iHSP70 and HSP40, but not other HSPs (5, 8). Both NXD30001 and
geldanamycin also improved several measures of mSOD1-associated toxicity in vulnerable cell
types. Indeed, both molecules prevented the formation of mutant SOD1 inclusions, prevented
motor neuron death and maintained mitochondrial morphology in primary motor neurons
overexpressing SOD1%°3A protein (5, 8). The efficacy of NXD30001 in vitro coupled with its
improved safety profile in vivo compared to geldanamycin prompted an investigation of its
efficacy in an in vivo model of fALS1, the SOD1%%3A transgenic mouse.

Initial pharmacokinetic analysis showed that NXD30001 distributed to the CNS and
peripheral tissues of both SOD1%%**transgenic mice and their wild-type littermates after single
and multiple i.p. dosings. A different profile of NXD30001-induced HSP expression was,

however, observed in vivo compared to in vitro. Despite accumulation of the compound in CNS

67



tissues, no induction of HSPs was detected in brain or spinal cord tissues of NXD30001-treated
animals, with the possible exception of a transient induction of HSP25 expression with repeated
dosing. No iHSP70 expression was detected in nervous tissues despite the administration of
maximum tolerable doses (maximum due to the irritant properties of the vehicle solution and
the solubility of the drug) and peak CNS tissue concentrations of NXD30001 surpassing the
minimum effective in vitro concentration.

Despite lack of efficacy in inducing HSPs in the CNS, NXD300001 routinely induced the
expression of iHSP70 in cardiac and skeletal muscle. This disparity was not due specifically to
differences in biodistribution of the drug since no HSP induction was detected in liver, despite
much higher accumulation of the compound in liver compared to muscle tissues. This points to
potential differences in sensitivity of the mechanisms underlying induction of HSPs.

Induction of iHSP70 by NXD30001 in muscle appeared to result from activation of the
transcription factor HSF1. HSF1 phosphorylation, a marker of the transcription factor’s
activation, was concordant with iHSP70 expression in muscle tissue. Additionally, NXD30001 did
not induce HSF1 activation or HSP gene expression in lumbar spinal cord tissues. This was
consistent with in vitro data showing a dependence of NXD30001-mediated induction of HSP
expression on HSF1 activation (8). In that study, primary motor neurons overexpressing a
dominant negative form of HSF1 that prevented endogenous HSF1 activation were unable to
upregulate expression of iHSP70 following treatment with NXD30001 (8). The threshold for
NXD30001-mediated induction of HSPs via activation of HSF1 thus appears to vary with tissue
or cell type in vivo. To gain DNA-binding ability, HSF1 proceeds through a series of steps

involving liberation from the HSP90 complex, trimerization, posttranslational modification and
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localization to the nucleus. The specific post-translational modifications required for HSF1
activation are not clear. In addition, it is unknown whether HSF1 activation pathways are
conserved through all mammalian tissues, and little is known of HSR regulation in multicellular
organisms. Indeed, the extent of differential HSR regulation across different tissues is largely
unexplored. A recent genome-wide RNAI screen for regulators of the HSR in Caenorhabditis
elegans revealed tissue-specific negative regulators of the HSR, although positive HSR
regulators functioned ubiquitously in all tissues (164). HSR regulation thus appears to reflect
the functional requirements of each tissue, at least in primitive multicellular organisms (164).
NXD30001’s muscle-specific efficacy could, then, be reflective of tissue-specific regulation of
the HSR. Skeletal and cardiac muscle tissues are subject to high thermal and contractile stress
during function, and the induction of HSPs following exercise is well documented in both tissues
in rodents (165, 166). Muscle tissues could therefore be “primed” for HSF1-mediated induction
of HSP gene expression due to their functional requirements in organisms. Tissue-specific HSR
regulation could also explain the transient increase in HSP25 observed in the lumbar spinal cord
tissues of NXD30001-treated SOD1%°3A mice. The HSP25 promoter contains binding sites for
other transcription factors, including SP1 elements, and induction of HSP25 could therefore
proceed through a pathway independent of HSF1 (167). NXD30001's tissue specificity could also
be attributed to cell-type specificities in HSP gene accessibility. Indeed, another HSP90
inhibitor, HSP990, induced iHSP70 expression in CNS tissues of mice, but its efficacy
desensitized over time due to chromatin changes that limited accessibility of HSF1 to HSEs

(168).
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HSP90 inhibitors improve protein homeostasis through two mechanisms: the release of
HSP90 client proteins which include HSPs capable of chaperoning misfolded proteins, and the
release of HSF1 which induces the expression of multiple HSP genes via HSEs. In motor neurons
overexpressing SOD1%°3A NXD30001 delayed the accumulation of mSOD1 protein, but did not
affect SOD1 protein levels in motor neurons overexpressing wtSOD1 (8). No reduction of SOD1
protein levels occurred after 2 weeks of i.p. NXD30001 dosing in SOD1%3A transgenic mice. In
fact, total SOD1 protein levels were higher in the lumbar spinal cords of NXD30001-treated
mice sacrificed 6 hr after the final dose relative to vehicle-treated animals, possibly due to
NXD30001-mediated disaggregation of SDS-insoluble SOD1 protein aggregates. This suggests
that NXD30001 could influence mSOD1 protein levels independently of HSF1 activation and HSP
gene expression in vivo. A higher molecular weight band immunoreactive with SOD1 antibody
was also observed in the lumbar spinal cord of both NXD30001- and vehicle-treated mice
sacrificed 1 hr. after the final i.p. dose, suggesting a toxic effect of the solvents in the vehicle.
This higher molecular weight band could represent a posttranslationally modified or crosslinked
form of mSOD1 protein. Although the appearance of higher molecular weight SOD1-
immunoreactive bands is known to occur in the late stage of disease, cross-linked mutant SOD1
is not usually present at the relatively early symptomatic stage of the mice used in this study; it
remains unknown whether the solutions administered accelerated this process. Given the
statistically significant increase in total SOD1 protein levels in the lumbar spinal cords of
NXD30001-treated mice, investigating the effect of multiple NXD30001 treatments on SOD1
aggregate load in the tissues of older symptomatic mice (when SOD1 aggregates typically

appear with immunoblotting) could prove interesting.
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5.2 Conclusions and Future Directions:

In conclusion, this study intended as a prelude for a full efficacy study in the fALS1
mouse actually precluded continuing on with this investigation. The project did highlight the
complexities of pharmacological induction of HSP gene expression in vivo. Targeting the HSR for
therapeutic application necessitates the use of an effective clinical biomarker of drug efficacy
and early analysis of in vivo drug efficacy. Care must also be taken when interpreting in vitro
results for the design of in vivo investigations given the apparent tissue-specific differences in
the threshold for pharmacological induction of HSP expression. Given NXD30001’s lack of ability
to induce HSP expression and activate HSF1 in CNS tissues, further study of its therapeutic
application in neurodegenerative disease is futile. Its ability to induce iHSP70 in skeletal muscle
tissue points to a possible use in muscle proteinopathies, such as inclusion body myositis and
oculopharyngeal muscular dystrophy, although modifications of the structure to improve
solubility and oral availability would be recommended. Indeed, the small molecule HSP co-
inducer BPG-15 preserves muscle function and slows disease progression in a mouse model of
muscular dystrophy (169). The NXD30000 series of compounds is therefore a useful
pharmacological inducer of HSP gene expression in vitro with possible in vivo applications in

skeletal and cardiac muscle tissues.

71



References

10.

11.

12.

Strong MJ, Lomen-Hoerth C, Caselli RJ, Bigio EH, and Yang W. Cognitive impairment,
frontotemporal dementia, and the motor neuron diseases. Ann Neurol. 2003;54 Suppl
5(S20-3.

Delesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ,
Nicholson AM, Finch NA, Flynn H, Adamson J, et al. Expanded GGGGCC hexanucleotide
repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS.
Neuron. 2011;72(2):245-56.

Renton AE, Majounie E, Waite A, SimUn-S-nchez J, Rollinson S, Gibbs JR, Schymick JC,
Laaksovirta H, vantSwieten JC, Myllykangas L, et al. A Hexanucleotide Repeat Expansion
in C9ORF72 Is the Cause of Chromosome 9p21-Linked ALS-FTD. Neuron. 2011;72(2):257-
68.

Bruening W, Roy J, Giasson B, Figlewicz DA, Mushynski WE, and Durham HD. Up-
regulation of protein chaperones preserves viability of cells expressing toxic Cu/Zn-
superoxide dismutase mutants associated with amyotrophic lateral sclerosis. J
Neurochem. 1999;72(2):693-9.

Batulan Z, Taylor DM, Aarons RJ, Minotti S, Doroudchi MM, Nalbantoglu J, and Durham
HD. Induction of multiple heat shock proteins and neuroprotection in a primary culture
model of familial amyotrophic lateral sclerosis. Neurobiology of Disease.
2006;24(2):213-25.

Kieran D, Kalmar B, Dick JR, Riddoch-Contreras J, Burnstock G, and Greensmith L.
Treatment with arimoclomol, a coinducer of heat shock proteins, delays disease
progression in ALS mice. Nat Med. 2004;10(4):402-5.

Kalmar B, Novoselov S, Gray A, Cheetham ME, Margulis B, and Greensmith L. Late stage
treatment with arimoclomol delays disease progression and prevents protein
aggregation in the SOD1 mouse model of ALS. J Neurochem. 2008;107(2):339-50.

Cha IR, St Louis KJ, Tradewell ML, Gentil BJ, Minotti S, Jaffer ZM, Chen R, Rubenstein AE,
and Durham HD. A novel small molecule HSP90 inhibitor, NXD30001, differentially
induces heat shock proteins in nervous tissue in culture and in vivo. Cell stress &
chaperones. 2013.

Gordon PH, Cheng B, Katz IB, Pinto M, Hays AP, Mitsumoto H, and Rowland LP. The
natural history of primary lateral sclerosis. Neurology. 2006;66(5):647-53.

Kiernan MC, Vucic S, Cheah BC, Turner MR, Eisen A, Hardiman O, Burrell JR, and Zoing
MC. Amyotrophic lateral sclerosis. The Lancet. 2011;377(9769):942-55.

Cozzolino M, Ferri A, and Carri MT. Amyotrophic lateral sclerosis: from current
developments in the laboratory to clinical implications. Antioxidants & redox signaling.
2008;10(3):405-43.

Brooks BR. El Escorial World Federation of Neurology criteria for the diagnosis of
amyotrophic lateral sclerosis. Subcommittee on Motor Neuron Diseases/Amyotrophic
Lateral Sclerosis of the World Federation of Neurology Research Group on
Neuromuscular Diseases and the El Escorial "Clinical limits of amyotrophic lateral
sclerosis" workshop contributors. J Neurol Sci. 1994;124(Suppl):96-107.

72



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Wolfson C, Kilborn S, Oskoui M, and Genge A. Incidence and prevalence of amyotrophic
lateral sclerosis in Canada: a systematic review of the literature. Neuroepidemiology.
2009;33(2):79-88.

Ringholz GM, Appel SH, Bradshaw M, Cooke NA, Mosnik DM, and Schulz PE. Prevalence
and patterns of cognitive impairment in sporadic ALS. Neurology. 2005;65(4):586-90.
Phukan J, Pender NP, and Hardiman O. Cognitive impairment in amyotrophic lateral
sclerosis. The Lancet Neurology. 2007;6(11):994-1003.

Munch C, Rosenbohm A, Sperfeld AD, Uttner |, Reske S, Krause BJ, Sedlmeier R, Meyer T,
Hanemann CO, Stumm G, et al. Heterozygous R1101K mutation of the DCTN1 gene in a
family with ALS and FTD. Ann Neurol. 2005;58(5):777-80.

Talbot K, and Ansorge O. Recent advances in the genetics of amyotrophic lateral
sclerosis and frontotemporal dementia: common pathways in neurodegenerative
disease. Human Molecular Genetics. 2006;15(suppl 2):R182-R7.

Huey ED, Ferrari R, Moreno JH, Jensen C, Morris CM, Potocnik F, Kalaria RN, Tierney M,
Wassermann EM, Hardy J, et al. FUS and TDP43 genetic variability in FTD and CBS.
Neurobiology of aging. 2012;33(5):1016.e9-17.

Steele JC. Parkinsonism—dementia complex of Guam. Movement Disorders.
2005;20(S12):599-5107.

Kisby GE, Ellison M, and Spencer PS. Content of the neurotoxins cycasin
(methylazoxymethanol beta-D-glucoside) and BMAA (beta-N-methylamino-L-alanine) in
cycad flour prepared by Guam Chamorros. Neurology. 1992;42(7):1336-40.

Wilson JM, Khabazian I, Wong MC, Seyedalikhani A, Bains JS, Pasqualotto BA, Williams
DE, Andersen RJ, Simpson RJ, Smith R, et al. Behavioral and neurological correlates of
ALS-parkinsonism dementia complex in adult mice fed washed cycad flour.
Neuromolecular Med. 2002;1(3):207-21.

Wilson JM, Petrik MS, Grant SC, Blackband SJ, Lai J, and Shaw CA. Quantitative
measurement of neurodegeneration in an ALS-PDC model using MR microscopy.
Neurolmage. 2004;23(1):336-43.

Armon C. An evidence-based medicine approach to the evaluation of the role of
exogenous risk factors in sporadic amyotrophic lateral sclerosis. Neuroepidemiology.
2003;22(4):217-28.

Wicklund MP. Amyotrophic lateral sclerosis: possible role of environmental influences.
Neurologic clinics. 2005;23(2):461-84.

Schmidt S, Allen KD, Loiacono VT, Norman B, Stanwyck CL, Nord KM, Williams CD,
Kasarskis EJ, Kamel F, McGuire V, et al. Genes and Environmental Exposures in Veterans
with Amyotrophic Lateral Sclerosis: the GENEVA study. Rationale, study design and
demographic characteristics. Neuroepidemiology. 2008;30(3):191-204.

Graham AJ, Macdonald AM, and Hawkes CH. British motor neuron disease twin study. J
Neurol Neurosurg Psychiatry. 1997;62(6):562-9.

Al-Chalabi A, Fang F, Hanby MF, Leigh PN, Shaw CE, Ye W, and Rijsdijk F. An estimate of
amyotrophic lateral sclerosis heritability using twin data. Journal of Neurology,
Neurosurgery & Psychiatry. 2010;81(12):1324-6.

Lambrechts D, Poesen K, Fernandez-Santiago R, Al-Chalabi A, Del Bo R, Van Vught PW,
Khan S, Marklund SL, Brockington A, van Marion |, et al. Meta-analysis of vascular

73



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

endothelial growth factor variations in amyotrophic lateral sclerosis: increased
susceptibility in male carriers of the -2578AA genotype. Journal of medical genetics.
2009;46(12):840-6.

Gellera C, Colombrita C, Ticozzi N, Castellotti B, Bragato C, Ratti A, Taroni F, and Silani V.
Identification of new ANG gene mutations in a large cohort of Italian patients with
amyotrophic lateral sclerosis. Neurogenetics. 2008;9(1):33-40.

Greenway MJ, Andersen PM, Russ C, Ennis S, Cashman S, Donaghy C, Patterson V,
Swingler R, Kieran D, Prehn J, et al. ANG mutations segregate with familial and 'sporadic'
amyotrophic lateral sclerosis. Nat Genet. 2006;38(4):411-3.

Morahan JM, Yu B, Trent RJ, and Pamphlett R. A gene—environment study of the
paraoxonase 1 gene and pesticides in amyotrophic lateral sclerosis. NeuroToxicology.
2007;28(3):532-40.

Saeed M, Siddique N, Hung WY, Usacheva E, Liu E, Sufit RL, Heller SL, Haines JL, Pericak-
Vance M, and Siddique T. Paraoxonase cluster polymorphisms are associated with
sporadic ALS. Neurology. 2006;67(5):771-6.

Slowik A, Tomik B, Wolkow PP, Partyka D, Turaj W, Malecki MT, Pera J, Dziedzic T,
Szczudlik A, and Figlewicz DA. Paraoxonase gene polymorphisms and sporadic ALS.
Neurology. 2006;67(5):766-70.

Elden AC, Kim HJ, Hart MP, Chen-Plotkin AS, Johnson BS, Fang X, Armakola M, Geser F,
Greene R, Lu MM, et al. Ataxin-2 intermediate-length polyglutamine expansions are
associated with increased risk for ALS. Nature. 2010;466(7310):1069-75.

Al-Chalabi A, Andersen PM, Nilsson P, Chioza B, Andersson JL, Russ C, Shaw CE, Powell
JF, and Leigh PN. Deletions of the heavy neurofilament subunit tail in amyotrophic
lateral sclerosis. Hum Mol Genet. 1999;8(2):157-64.

Figlewicz DA, Krizus A, Martinoli MG, Meininger V, Dib M, Rouleau GA, and Julien JP.
Variants of the heavy neurofilament subunit are associated with the development of
amyotrophic lateral sclerosis. Hum Mol Genet. 1994;3(10):1757-61.

Corcia P, Camu W, Halimi JM, Vourc'h P, Antar C, Vedrine S, Giraudeau B, de Toffol B,
and Andres CR. SMN1 gene, but not SMIN2, is a risk factor for sporadic ALS. Neurology.
2006;67(7):1147-50.

Veldink JH, Kalmijn S, Van der Hout AH, Lemmink HH, Groeneveld GJ, Lummen C,
Scheffer H, Wokke JH, and Van den Berg LH. SMIN genotypes producing less SMN protein
increase susceptibility to and severity of sporadic ALS. Neurology. 2005;65(6):820-5.
Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, Donaldson D, Goto J,
O'Regan JP, Deng H-X, et al. Mutations in Cu/Zn superoxide dismutase gene are
associated with familial amyotrophic lateral sclerosis. Nature. 1993;362(6415):59-62.
Kabashi E, Valdmanis PN, Dion P, Spiegelman D, McConkey BJ, Velde CV, Bouchard J-P,
Lacomblez L, Pochigaeva K, Salachas F, et al. TARDBP mutations in individuals with
sporadic and familial amyotrophic lateral sclerosis. Nat Genet. 2008;40(5):572-4.
Kwiatkowski TJ, Bosco DA, LeClerc AL, Tamrazian E, Vanderburg CR, Russ C, Davis A,
Gilchrist J, Kasarskis EJ, Munsat T, et al. Mutations in the FUS/TLS Gene on Chromosome
16 Cause Familial Amyotrophic Lateral Sclerosis. Science. 2009;323(5918):1205-8.

74



42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

Vance C, Rogelj B, Hortobagyi T, De Vos KJ, Nishimura AL, Sreedharan J, Hu X, Smith B,
Ruddy D, Wright P, et al. Mutations in FUS, an RNA Processing Protein, Cause Familial
Amyotrophic Lateral Sclerosis Type 6. Science. 2009;323(5918):1208-11.

Nishimura AL, Mitne-Neto M, Silva HC, Richieri-Costa A, Middleton S, Cascio D, Kok F,
Oliveira JR, Gillingwater T, Webb J, et al. A mutation in the vesicle-trafficking protein
VAPB causes late-onset spinal muscular atrophy and amyotrophic lateral sclerosis.
American journal of human genetics. 2004;75(5):822-31.

Johnson JO, Mandrioli J, Benatar M, Abramzon Y, Van Deerlin VM, Trojanowski JQ, Gibbs
JR, Brunetti M, Gronka S, Wuu J, et al. Exome sequencing reveals VCP mutations as a
cause of familial ALS. Neuron. 2010;68(5):857-64.

Deng HX, Chen W, Hong ST, Boycott KM, Gorrie GH, Siddique N, Yang Y, Fecto F, Shi Y,
Zhai H, et al. Mutations in UBQLN2 cause dominant X-linked juvenile and adult-onset
ALS and ALS/dementia. Nature. 2011;477(7363):211-5.

Chen YZ, Bennett CL, Huynh HM, Blair IP, Puls |, Irobi J, Dierick I, Abel A, Kennerson ML,
Rabin BA, et al. DNA/RNA helicase gene mutations in a form of juvenile amyotrophic
lateral sclerosis (ALS4). American journal of human genetics. 2004;74(6):1128-35.
Maruyama H, Morino H, Ito H, Izumi Y, Kato H, Watanabe Y, Kinoshita Y, Kamada M,
Nodera H, Suzuki H, et al. Mutations of optineurin in amyotrophic lateral sclerosis.
Nature. 2010;465(7295):223-6.

Wu C-H, Fallini C, Ticozzi N, Keagle PJ, Sapp PC, Piotrowska K, Lowe P, Koppers M,
McKenna-Yasek D, Baron DM, et al. Mutations in the profilin 1 gene cause familial
amyotrophic lateral sclerosis. Nature. 2012.

Camu W, Khoris J, Moulard B, Salachas F, Briolotti V, Rouleau GA, and Meininger V.
Genetics of familial ALS and consequences for diagnosisl. Journal of the neurological
sciences. 1999;165(521-S6.

Turner BJ, and Talbot K. Transgenics, toxicity and therapeutics in rodent models of
mutant SOD1-mediated familial ALS. Prog Neurobiol. 2008;85(1):94-134.

Sherman L, Dafni N, Lieman-Hurwitz J, and Groner Y. Nucleotide sequence and
expression of human chromosome 21-encoded superoxide dismutase mRNA.
Proceedings of the National Academy of Sciences. 1983;80(18):5465-9.

Raha S, and Robinson BH. Mitochondria, oxygen free radicals, disease and ageing.
Trends in Biochemical Sciences. 2000;25(10):502-8.

Borchelt DR, Lee MK, Slunt HS, Guarnieri M, Xu ZS, Wong PC, Brown RH, Price DL, Sisodia
SS, and Cleveland DW. Superoxide dismutase 1 with mutations linked to familial
amyotrophic lateral sclerosis possesses significant activity. Proceedings of the National
Academy of Sciences. 1994;91(17):8292-6.

Reaume AG, Elliott JL, Hoffman EK, Kowall NW, Ferrante RJ, Siwek DR, Wilcox HM, Flood
DG, Beal MF, Brown RH, et al. Motor neurons in Cu/Zn superoxide dismutase-deficient
mice develop normally but exhibit enhanced cell death after axonal injury. Nat Genet.
1996;13(1):43-7.

Shefner JM, Reaume AG, Flood DG, Scott RW, Kowall NW, Ferrante RJ, Siwek DF, Upton-—
Rice M, and Brown RH. Mice lacking cytosolic copper/zinc superoxide dismutase display
a distinctive motor axonopathy. Neurology. 1999;53(6):1239.

75



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bruijn LI, Houseweart MK, Kato S, Anderson KL, Anderson SD, Ohama E, Reaume AG,
Scott RW, and Cleveland DW. Aggregation and Motor Neuron Toxicity of an ALS-Linked
SOD1 Mutant Independent from Wild-Type SOD1. Science. 1998;281(5384):1851-4.
Jaarsma D, Haasdijk ED, Grashorn JA, Hawkins R, van Duijn W, Verspaget HW, London J,
and Holstege JC. Human Cu/Zn superoxide dismutase (SOD1) overexpression in mice
causes mitochondrial vacuolization, axonal degeneration, and premature motoneuron
death and accelerates motoneuron disease in mice expressing a familial amyotrophic
lateral sclerosis mutant SOD1. Neurobiol Dis. 2000;7(6 Pt B):623-43.

Rothstein JD. Current hypotheses for the underlying biology of amyotrophic lateral
sclerosis. Annals of Neurology. 2009;65(51):53-S9.

Pramatarova A, Laganiere J, Roussel J, Brisebois K, and Rouleau GA. Neuron-Specific
Expression of Mutant Superoxide Dismutase 1 in Transgenic Mice Does Not Lead to
Motor Impairment. The Journal of Neuroscience. 2001;21(10):3369-74.

Gong YH, Parsadanian AS, Andreeva A, Snider WD, and Elliott JL. Restricted Expression
of G86R Cu/Zn Superoxide Dismutase in Astrocytes Results in Astrocytosis But Does Not
Cause Motoneuron Degeneration. The Journal of Neuroscience. 2000;20(2):660-5.
Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillée S, Rule M, McMahon AP,
Doucette W, Siwek D, Ferrante RJ, et al. Wild-Type Nonneuronal Cells Extend Survival of
SOD1 Mutant Motor Neurons in ALS Mice. Science. 2003;302(5642):113-7.

Yamanaka K, Boillee S, Roberts EA, Garcia ML, McAlonis-Downes M, Mikse OR,
Cleveland DW, and Goldstein LSB. Mutant SOD1 in cell types other than motor neurons
and oligodendrocytes accelerates onset of disease in ALS mice. Proceedings of the
National Academy of Sciences. 2008;105(21):7594-9.

Shibata N, Hirano A, Kobayashi M, Sasaki S, Kato T, Matsumoto S, Shiozawa Z, Komori T,
Ikemoto A, Umahara T, et al. Cu/Zn superoxide dismutase-like immunoreactivity in Lewy
body-like inclusions of sporadic amyotrophic lateral sclerosis. Neuroscience letters.
1994;179(1-2):149-52.

Shibata N, Asayama K, Hirano A, and Kobayashi M. Immunohistochemical study on
superoxide dismutases in spinal cords from autopsied patients with amyotrophic lateral
sclerosis. Developmental neuroscience. 1996;18(5-6):492-8.

Bruijn LI, Becher MW, Lee MK, Anderson KL, Jenkins NA, Copeland NG, Sisodia SS,
Rothstein JD, Borchelt DR, Price DL, et al. ALS-Linked SOD1 Mutant G85R Mediates
Damage to Astrocytes and Promotes Rapidly Progressive Disease with SOD1-Containing
Inclusions. Neuron. 1997;18(2):327-38.

Aoki M, Kato S, Nagai M, and Itoyama Y. Development of a rat model of amyotrophic
lateral sclerosis expressing a human SOD1 transgene. Neuropathology. 2005;25(4):365-
70.

Durham HD, Roy J, Dong L, and Figlewicz DA. Aggregation of Mutant Cu/Zn Superoxide
Dismutase Proteins in a Culture Model of ALS. Journal of Neuropathology &
Experimental Neurology. 1997;56(5):523-30.

Gruzman A, Wood WL, Alpert E, Prasad MD, Miller RG, Rothstein JD, Bowser R, Hamilton
R, Wood TD, Cleveland DW, et al. Common molecular signature in SOD1 for both
sporadic and familial amyotrophic lateral sclerosis. Proceedings of the National Academy
of Sciences. 2007;104(30):12524-9.

76



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Matsumoto S, Kusaka H, Ito H, Shibata N, Asayama T, and Imai T. Sporadic amyotrophic
lateral sclerosis with dementia and Cu/Zn superoxide dismutase-positive Lewy body-like
inclusions. Clinical neuropathology. 1996;15(1):41-6.

Redler RL, and Dokholyan NV. In: David BT ed. Progress in Molecular Biology and
Translational Science. Academic Press; 2012:215-62.

Khare SD, Caplow M, and Dokholyan NV. FALS mutations in Cu, Zn superoxide dismutase
destabilize the dimer and increase dimer dissociation propensity: a large-scale
thermodynamic analysis. Amyloid : the international journal of experimental and clinical
investigation : the official journal of the International Society of Amyloidosis.
2006;13(4):226-35.

Furukawa Y, and O'Halloran TV. Amyotrophic Lateral Sclerosis Mutations Have the
Greatest Destabilizing Effect on the Apo- and Reduced Form of SOD1, Leading to
Unfolding and Oxidative Aggregation. Journal of Biological Chemistry.
2005;280(17):17266-74.

Hough MA, Grossmann JG, Antonyuk SV, Strange RW, Doucette PA, Rodriguez JA,
Whitson LJ, Hart PJ, Hayward LJ, Valentine JS, et al. Dimer destabilization in superoxide
dismutase may result in disease-causing properties: Structures of motor neuron disease
mutants. Proceedings of the National Academy of Sciences of the United States of
America. 2004;101(16):5976-81.

Shaw BF, and Valentine JS. How do ALS-associated mutations in superoxide dismutase 1
promote aggregation of the protein? Trends in Biochemical Sciences. 2007;32(2):78-85.
Bystrom R, Andersen PM, Grobner G, and Oliveberg M. SOD1 Mutations Targeting
Surface Hydrogen Bonds Promote Amyotrophic Lateral Sclerosis without Reducing Apo-
state Stability. Journal of Biological Chemistry. 2010;285(25):19544-52.

Wang Q, Johnson JL, Agar NYR, and Agar JN. Protein Aggregation and Protein Instability
Govern Familial Amyotrophic Lateral Sclerosis Patient Survival. PLoS Biol.
2008;6(7):e170.

Forman HJ, and Fridovich I. On the Stability of Bovine Superoxide Dismutase: THE
EFFECTS OF METALS. Journal of Biological Chemistry. 1973;248(8):2645-9.

Ding F, and Dokholyan NV. Dynamical roles of metal ions and the disulfide bond in Cu,
Zn superoxide dismutase folding and aggregation. Proceedings of the National Academy
of Sciences. 2008;105(50):19696-701.

Tiwari A, and Hayward LJ. Mutant SOD1 instability: implications for toxicity in
amyotrophic lateral sclerosis. Neuro-degenerative diseases. 2005;2(3-4):115-27.

Khare SD, Caplow M, and Dokholyan NV. The rate and equilibrium constants for a
multistep reaction sequence for the aggregation of superoxide dismutase in
amyotrophic lateral sclerosis. Proceedings of the National Academy of Sciences of the
United States of America. 2004;101(42):15094-9.

Rakhit R, Crow JP, Lepock JR, Kondejewski LH, Cashman NR, and Chakrabartty A.
Monomeric Cu,Zn-superoxide Dismutase Is a Common Misfolding Intermediate in the
Oxidation Models of Sporadic and Familial Amyotrophic Lateral Sclerosis. Journal of
Biological Chemistry. 2004;279(15):15499-504.

Molnar KS, Karabacak NM, Johnson JL, Wang Q, Tiwari A, Hayward LJ, Coales SJ, Hamuro
Y, and Agar JN. A Common Property of Amyotrophic Lateral Sclerosis-associated

77



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Variants: DESTABILIZATION OF THE COPPER/ZINC SUPEROXIDE DISMUTASE
ELECTROSTATIC LOOP. Journal of Biological Chemistry. 2009;284(45):30965-73.

Tiwari A, Liba A, Sohn SH, Seetharaman SV, Bilsel O, Matthews CR, Hart PJ, Valentine JS,
and Hayward LJ. Metal Deficiency Increases Aberrant Hydrophobicity of Mutant
Superoxide Dismutases That Cause Amyotrophic Lateral Sclerosis. Journal of Biological
Chemistry. 2009;284(40):27746-58.

Minch C, and Bertolotti A. Exposure of Hydrophobic Surfaces Initiates Aggregation of
Diverse ALS-Causing Superoxide Dismutase-1 Mutants. Journal of Molecular Biology.
2010;399(3):512-25.

Deng H-X, Shi Y, Furukawa Y, Zhai H, Fu R, Liu E, Gorrie GH, Khan MS, Hung W-Y, Bigio
EH, et al. Conversion to the amyotrophic lateral sclerosis phenotype is associated with
intermolecular linked insoluble aggregates of SOD1 in mitochondria. Proceedings of the
National Academy of Sciences. 2006;103(18):7142-7.

Johnston JA, Dalton MJ, Gurney ME, and Kopito RR. Formation of high molecular weight
complexes of mutant Cu,Zn-superoxide dismutase in a mouse model for familial
amyotrophic lateral sclerosis. Proceedings of the National Academy of Sciences.
2000;97(23):12571-6.

Shibata N, Hirano A, Kobayashi M, Siddique T, Deng HX, Hung WY, Kato T, and Asayama
K. Intense superoxide dismutase-1 immunoreactivity in intracytoplasmic hyaline
inclusions of familial amyotrophic lateral sclerosis with posterior column involvement.
Journal of neuropathology and experimental neurology. 1996;55(4):481-90.

Sasaki S, Warita H, Murakami T, Shibata N, Komori T, Abe K, Kobayashi M, and lwata M.
Ultrastructural study of aggregates in the spinal cord of transgenic mice with a G93A
mutant SOD1 gene. Acta neuropathologica. 2005;109(3):247-55.

Turner BJ, Lopes EC, and Cheema SS. Neuromuscular accumulation of mutant
superoxide dismutase 1 aggregates in a transgenic mouse model of familial amyotrophic
lateral sclerosis. Neuroscience letters. 2003;350(2):132-6.

Matsumoto G, Stojanovic A, Holmberg Cl, Kim S, and Morimoto RI. Structural properties
and neuronal toxicity of amyotrophic lateral sclerosis—associated Cu/Zn superoxide
dismutase 1 aggregates. The Journal of Cell Biology. 2005;171(1):75-85.

Rakhit R, Robertson J, Vande Velde C, Horne P, Ruth DM, Griffin J, Cleveland DW,
Cashman NR, and Chakrabartty A. An immunological epitope selective for pathological
monomer-misfolded SOD1 in ALS. Nat Med. 2007;13(6):754-9.

Zetterstrom P, Stewart HG, Bergemalm D, Jonsson PA, Graffmo KS, Andersen PM,
Brannstrom T, Oliveberg M, and Marklund SL. Soluble misfolded subfractions of mutant
superoxide dismutase-1s are enriched in spinal cords throughout life in murine ALS
models. Proceedings of the National Academy of Sciences. 2007;104(35):14157-62.
Jonsson PA, Ernhill K, Andersen PM, Bergemalm D, Brannstrom T, Gredal O, Nilsson P,
and Marklund SL. Minute quantities of misfolded mutant superoxide dismutase-1 cause
amyotrophic lateral sclerosis. Brain. 2004;127(1):73-88.

Kirkitadze MD, Bitan G, and Teplow DB. Paradigm shifts in Alzheimer's disease and other
neurodegenerative disorders: The emerging role of oligomeric assemblies. Journal of
Neuroscience Research. 2002;69(5):567-77.

78



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Arrasate M, Mitra S, Schweitzer ES, Segal MR, and Finkbeiner S. Inclusion body
formation reduces levels of mutant huntingtin and the risk of neuronal death. Nature.
2004;431(7010):805-10.

Collins GA, and Tansey WP. The proteasome: a utility tool for transcription? Current
opinion in genetics & development. 2006;16(2):197-202.

Miller RJ, and Wilson SM. Neurological disease: UPS stops delivering! Trends in
Pharmacological Sciences. 2003;24(1):18-23.

Baumeister W, Walz J, Zuhl F, and Seemuller E. The proteasome: paradigm of a self-
compartmentalizing protease. Cell. 1998;92(3):367-80.

Di Noto L, Whitson LJ, Cao X, Hart PJ, and Levine RL. Proteasomal Degradation of Mutant
Superoxide Dismutases Linked to Amyotrophic Lateral Sclerosis. Journal of Biological
Chemistry. 2005;280(48):39907-13.

Hoffman EK, Wilcox HM, Scott RW, and Siman R. Proteasome inhibition enhances the
stability of mouse CuZn superoxide dismutase with mutations linked to familial
amyotrophic lateral sclerosis. Journal of the Neurological Sciences. 1996;139(1):15-20.
Urushitani M, Kurisu J, Tsukita K, and Takahashi R. Proteasomal inhibition by misfolded
mutant superoxide dismutase 1 induces selective motor neuron death in familial
amyotrophic lateral sclerosis. Journal of Neurochemistry. 2002;83(5):1030-42.

Bendotti C, Atzori C, Piva R, Tortarolo M, Strong MJ, DeBiasi S, and Migheli A. Activated
p38MAPK is a novel component of the intracellular inclusions found in human
amyotrophic lateral sclerosis and mutant SOD1 transgenic mice. Journal of
neuropathology and experimental neurology. 2004;63(2):113-9.

Migheli A, Atzori C, Piva R, Tortarolo M, Girelli M, Schiffer D, and Bendotti C. Lack of
apoptosis in mice with ALS. Nat Med. 1999;5(9):966-7.

Watanabe M, Dykes-Hoberg M, Cizewski Culotta V, Price DL, Wong PC, and Rothstein JD.
Histological Evidence of Protein Aggregation in Mutant SOD1 Transgenic Mice and in
Amyotrophic Lateral Sclerosis Neural Tissues. Neurobiology of Disease. 2001;8(6):933-
41.

Leigh PN, Whitwell H, Garofalo O, Buller J, Swash M, Martin JE, Gallo JM, Weller RO, and
Anderton BH. Ubiquitin-immunoreactive intraneuronal inclusions in amyotrophic lateral
sclerosis. Morphology, distribution, and specificity. Brain. 1991;114 ( Pt 2)(775-88.
Mendong¢a DMF, Chimelli L, and Martinez AMB. Expression of ubiquitin and proteasome
in motorneurons and astrocytes of spinal cords from patients with amyotrophic lateral
sclerosis. Neuroscience letters. 2006;404(3):315-9.

Sasaki S. Endoplasmic reticulum stress in motor neurons of the spinal cord in sporadic
amyotrophic lateral sclerosis. Journal of neuropathology and experimental neurology.
2010;69(4):346-55.

Cheroni C, Marino M, Tortarolo M, Veglianese P, De Biasi S, Fontana E, Zuccarello LV,
Maynard CJ, Dantuma NP, and Bendotti C. Functional alterations of the ubiquitin-
proteasome system in motor neurons of a mouse model of familial amyotrophic lateral
sclerosis. Hum Mol Genet. 2009;18(1):82-96.

Kabashi E, Agar JN, Hong Y, Taylor DM, Minotti S, Figlewicz DA, and Durham HD.
Proteasomes remain intact, but show early focal alteration in their composition in a

79



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

mouse model of amyotrophic lateral sclerosis. Journal of Neurochemistry.
2008;105(6):2353-66.

Kabashi E, Agar JN, Taylor DM, Minotti S, and Durham HD. Focal dysfunction of the
proteasome: a pathogenic factor in a mouse model of amyotrophic lateral sclerosis. J
Neurochem. 2004;89(6):1325-35.

Kabashi E, Agar JN, Strong MJ, and Durham HD. Impaired proteasome function in
sporadic amyotrophic lateral sclerosis. Amyotrophic lateral sclerosis : official publication
of the World Federation of Neurology Research Group on Motor Neuron Diseases.
2012;13(4):367-71.

Kozutsumi Y, Segal M, Normington K, Gething MJ, and Sambrook J. The presence of
malfolded proteins in the endoplasmic reticulum signals the induction of glucose-
regulated proteins. Nature. 1988;332(6163):462-4.

Nishitoh H, Kadowaki H, Nagai A, Maruyama T, Yokota T, Fukutomi H, Noguchi T,
Matsuzawa A, Takeda K, and Ichijo H. ALS-linked mutant SOD1 induces ER stress- and
ASK1-dependent motor neuron death by targeting Derlin-1. Genes & development.
2008;22(11):1451-64.

Kikuchi H, Almer G, Yamashita S, Guégan C, Nagai M, Xu Z, Sosunov AA, McKhann GM,
and Przedborski S. Spinal cord endoplasmic reticulum stress associated with a
microsomal accumulation of mutant superoxide dismutase-1 in an ALS model.
Proceedings of the National Academy of Sciences. 2006;103(15):6025-30.

Batulan Z, Shinder GA, Minotti S, He BP, Doroudchi MM, Nalbantoglu J, Strong MJ, and
Durham HD. High threshold for induction of the stress response in motor neurons is
associated with failure to activate HSF1. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 2003;23(13):5789-98.

Kalmar B, Lu C-H, and Greensmith L. The role of heat shock proteins in Amyotrophic
Lateral Sclerosis: The therapeutic potential of Arimoclomol. Pharmacology &
Therapeutics. 0).

Lindquist S. The heat-shock response. Annual review of biochemistry. 1986;55(1151-91.
Welch WJ, Kang HS, Beckmann RP, and Mizzen LA. Response of mammalian cells to
metabolic stress; changes in cell physiology and structure/function of stress proteins.
Current topics in microbiology and immunology. 1991;167(31-55.

Morimoto RI, Kroeger PE, and Cotto JJ. The transcriptional regulation of heat shock
genes: a plethora of heat shock factors and regulatory conditions. Exs. 1996;77(139-63.
Sarge KD, Murphy SP, and Morimoto RI. Activation of heat shock gene transcription by
heat shock factor 1 involves oligomerization, acquisition of DNA-binding activity, and
nuclear localization and can occur in the absence of stress. Mol Cell Biol.
1993;13(3):1392-407.

Shamovsky I, and Nudler E. New insights into the mechanism of heat shock response
activation. Cellular and molecular life sciences : CMLS. 2008;65(6):855-61.

Shamovsky I, Ivannikov M, Kandel ES, Gershon D, and Nudler E. RNA-mediated response
to heat shock in mammalian cells. Nature. 2006;440(7083):556-60.

Narberhaus F, Waldminghaus T, and Chowdhury S. RNA thermometers. FEMS
Microbiology Reviews. 2006;30(1):3-16.

80



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Muchowski PJ, and Wacker JL. Modulation of neurodegeneration by molecular
chaperones. Nature reviews Neuroscience. 2005;6(1):11-22.

Jolly C, and Morimoto RI. Role of the heat shock response and molecular chaperones in
oncogenesis and cell death. Journal of the National Cancer Institute. 2000;92(19):1564-
72.

Nollen EA, and Morimoto RI. Chaperoning signaling pathways: molecular chaperones as
stress-sensing 'heat shock' proteins. J Cell Sci. 2002;115(Pt 14):2809-16.

Tavaria M, Gabriele T, Kola I, and Anderson RL. A hitchhiker's guide to the human Hsp70
family. Cell stress & chaperones. 1996;1(1):23-8.

Bukau B, and Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell.
1998;92(3):351-66.

Ballinger CA, Connell P, Wu Y, Hu Z, Thompson LJ, Yin LY, and Patterson C. Identification
of CHIP, a novel tetratricopeptide repeat-containing protein that interacts with heat
shock proteins and negatively regulates chaperone functions. Mol Cell Biol.
1999;19(6):4535-45.

Alberti S, Esser C, and Hohfeld J. BAG-1--a nucleotide exchange factor of Hsc70 with
multiple cellular functions. Cell stress & chaperones. 2003;8(3):225-31.

Jiang J, Ballinger CA, Wu Y, Dai Q, Cyr DM, Hohfeld J, and Patterson C. CHIP is a U-box-
dependent E3 ubiquitin ligase: identification of Hsc70 as a target for ubiquitylation. The
Journal of biological chemistry. 2001;276(46):42938-44.

Sprang GK, and Brown IR. Selective induction of a heat shock gene in fibre tracts and
cerebellar neurons of the rabbit brain detected by in situ hybridization. Brain research.
1987;427(1):89-93.

Vleminckx V, Van Damme P, Goffin K, Delye H, Van Den Bosch L, and Robberecht W.
Upregulation of HSP27 in a transgenic model of ALS. Journal of neuropathology and
experimental neurology. 2002;61(11):968-74.

Shinder GA, Lacourse M-C, Minotti S, and Durham HD. Mutant Cu/Zn-Superoxide
Dismutase Proteins Have Altered Solubility and Interact with Heat Shock/Stress Proteins
in Models of Amyotrophic Lateral Sclerosis. Journal of Biological Chemistry.
2001;276(16):12791-6.

Howland DS, Liu J, She Y, Goad B, Maragakis NJ, Kim B, Erickson J, Kulik J, DeVito L,
Psaltis G, et al. Focal loss of the glutamate transporter EAAT2 in a transgenic rat model
of SOD1 mutant-mediated amyotrophic lateral sclerosis (ALS). Proc Natl Acad Sci U S A.
2002;99(3):1604-9.

Liu J, Shinobu LA, Ward CM, Young D, and Cleveland DW. Elevation of the Hsp70
chaperone does not effect toxicity in mouse models of familial amyotrophic lateral
sclerosis. J Neurochem. 2005;93(4):875-82.

Krishnan J, Vannuvel K, Andries M, Waelkens E, Robberecht W, and Van Den Bosch L.
Over-expression of Hsp27 does not influence disease in the mutant SOD1(G93A) mouse
model of amyotrophic lateral sclerosis. J Neurochem. 2008;106(5):2170-83.

Sharp PS, Akbar MT, Bouri S, Senda A, Joshi K, Chen HJ, Latchman DS, Wells DJ, and de
Belleroche J. Protective effects of heat shock protein 27 in a model of ALS occur in the
early stages of disease progression. Neurobiol Dis. 2008;30(1):42-55.

81



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Gifondorwa DJ, Robinson MB, Hayes CD, Taylor AR, Prevette DM, Oppenheim RW,
Caress J, and Milligan CE. Exogenous delivery of heat shock protein 70 increases lifespan
in a mouse model of amyotrophic lateral sclerosis. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 2007;27(48):13173-80.

Gifondorwa DJ, Jimenz-Moreno R, Hayes CD, Rouhani H, Robinson MB, Strupe JL, Caress
J, and Milligan C. Administration of Recombinant Heat Shock Protein 70 Delays
Peripheral Muscle Denervation in the SOD1(G93A) Mouse Model of Amyotrophic Lateral
Sclerosis. Neurology research international. 2012;2012(170426.

Yang J, Bridges K, Chen KY, and Liu AY. Riluzole increases the amount of latent HSF1 for
an amplified heat shock response and cytoprotection. PLoS One. 2008;3(8):e2864.

Liu AY, Mathur R, Mei N, Langhammer CG, Babiarz B, and Firestein BL. Neuroprotective
drug riluzole amplifies the heat shock factor 1 (HSF1)- and glutamate transporter 1
(GLT1)-dependent cytoprotective mechanisms for neuronal survival. The Journal of
biological chemistry. 2011;286(4):2785-94.

Garcia-Carbonero R, Carnero A, and Paz-Ares L. Inhibition of HSP90 molecular
chaperones: moving into the clinic. The Lancet Oncology. 2013;14(9):e358-e69.

Bagatell R, Khan O, Paine-Murrieta G, Taylor CW, Akinaga S, and Whitesell L.
Destabilization of steroid receptors by heat shock protein 90-binding drugs: a ligand-
independent approach to hormonal therapy of breast cancer. Clinical cancer research :
an official journal of the American Association for Cancer Research. 2001;7(7):2076-84.
Neckers L. Heat shock protein 90 inhibition by 17-allylamino-17-
demethoxygeldanamycin: a novel therapeutic approach for treating hormone-refractory
prostate cancer. Clinical cancer research : an official journal of the American Association
for Cancer Research. 2002;8(5):962-6.

Richter K, and Buchner J. Hsp90: chaperoning signal transduction. Journal of cellular
physiology. 2001;188(3):281-90.

Pearl LH, and Prodromou C. Structure and mechanism of the Hsp90 molecular
chaperone machinery. Annual review of biochemistry. 2006;75(271-94.

Prodromou C, Siligardi G, O'Brien R, Woolfson DN, Regan L, Panaretou B, Ladbury JE,
Piper PW, and Pearl LH. Regulation of Hsp90 ATPase activity by tetratricopeptide repeat
(TPR)-domain co-chaperones. Embo j. 1999;18(3):754-62.

Panaretou B, Siligardi G, Meyer P, Maloney A, Sullivan JK, Singh S, Millson SH, Clarke PA,
Naaby-Hansen S, Stein R, et al. Activation of the ATPase activity of hsp90 by the stress-
regulated cochaperone ahal. Mol Cell. 2002;10(6):1307-18.

Whitesell L, Mimnaugh EG, De Costa B, Myers CE, and Neckers LM. Inhibition of heat
shock protein HSP90-pp60v-src heteroprotein complex formation by benzoquinone
ansamycins: essential role for stress proteins in oncogenic transformation. Proc Nat/
Acad Sci U S A. 1994;91(18):8324-8.

Supko JG, Hickman RL, Grever MR, and Malspeis L. Preclinical pharmacologic evaluation
of geldanamycin as an antitumor agent. Cancer chemotherapy and pharmacology.
1995;36(4):305-15.

Samuni Y, Ishii H, Hyodo F, Samuni U, Krishna MC, Goldstein S, and Mitchell JB. Reactive
oxygen species mediate hepatotoxicity induced by the Hsp90 inhibitor geldanamycin
and its analogs. Free radical biology & medicine. 2010;48(11):1559-63.

82



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Soga S, Neckers LM, Schulte TW, Shiotsu Y, Akasaka K, Narumi H, Agatsuma T, lkuina Y,
Murakata C, Tamaoki T, et al. KF25706, a novel oxime derivative of radicicol, exhibits in
vivo antitumor activity via selective depletion of Hsp90 binding signaling molecules.
Cancer research. 1999;59(12):2931-8.

Putcha P, Danzer KM, Kranich LR, Scott A, Silinski M, Mabbett S, Hicks CD, Veal JM, Steed
PM, Hyman BT, et al. Brain-permeable small-molecule inhibitors of Hsp90 prevent
alpha-synuclein oligomer formation and rescue alpha-synuclein-induced toxicity. The
Journal of pharmacology and experimental therapeutics. 2010;332(3):849-57.

Waza M, Adachi H, Katsuno M, Minamiyama M, Sang C, Tanaka F, Inukai A, Doyu M, and
Sobue G. 17-AAG, an Hsp90 inhibitor, ameliorates polyglutamine-mediated motor
neuron degeneration. Nat Med. 2005;11(10):1088-95.

Vanaja DK, Mitchell SH, Toft DO, and Young CY. Effect of geldanamycin on androgen
receptor function and stability. Cell stress & chaperones. 2002;7(1):55-64.

Haupt A, Joberty G, Bantscheff M, Frohlich H, Stehr H, Schweiger MR, Fischer A, Kerick
M, Boerno ST, Dahl A, et al. Hsp90 inhibition differentially destabilises MAP kinase and
TGF-beta signalling components in cancer cells revealed by kinase-targeted
chemoproteomics. BMC cancer. 2012;12(38.

Morfini GA, Bosco DA, Brown H, Gatto R, Kaminska A, Song Y, Molla L, Baker L,
Marangoni MN, Berth S, et al. Inhibition of fast axonal transport by pathogenic SOD1
involves activation of p38 MAP kinase. PLoS One. 2013;8(6):e65235.

Barluenga S, Wang C, Fontaine JG, Aouadi K, Beebe K, Tsutsumi S, Neckers L, and
Winssinger N. Divergent synthesis of a pochonin library targeting HSP90 and in vivo
efficacy of an identified inhibitor. Angewandte Chemie (International ed in English).
2008;47(23):4432-5.

Barluenga S, Fontaine JG, Wang C, Aouadi K, Chen R, Beebe K, Neckers L, and Winssinger
N. Inhibition of HSP90 with pochoximes: SAR and structure-based insights.
Chembiochem : a European journal of chemical biology. 2009;10(17):2753-9.

Roy J, Minotti S, Dong L, Figlewicz DA, and Durham HD. Glutamate potentiates the
toxicity of mutant Cu/Zn-superoxide dismutase in motor neurons by postsynaptic
calcium-dependent mechanisms. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 1998;18(23):9673-84.

Egorin MJ, Zuhowski EG, Rosen DM, Sentz DL, Covey JM, and Eiseman JL. Plasma
pharmacokinetics and tissue distribution of 17-(allylamino)-17-demethoxygeldanamycin
(NSC 330507) in CD2F1 micel. Cancer chemotherapy and pharmacology.
2001;47(4):291-302.

Zhong Z, Deane R, Ali Z, Parisi M, Shapovalov Y, O'Banion MK, Stojanovic K, Sagare A,
Boillee S, Cleveland DW, et al. ALS-causing SOD1 mutants generate vascular changes
prior to motor neuron degeneration. Nature neuroscience. 2008;11(4):420-2.

Guisbert E, Czyz DM, Richter K, McMullen PD, and Morimoto RI. Identification of a
tissue-selective heat shock response regulatory network. PLoS genetics.
2013;9(4):e1003466.

Jammes Y, Steinberg JG, By Y, Brerro-Saby C, Condo J, Olivier M, Guieu R, and Delliaux S.
Fatiguing stimulation of one skeletal muscle triggers heat shock protein activation in

83



166.

167.

168.

169.

several rat organs: the role of muscle innervation. The Journal of Experimental Biology.
2012;215(22):4041-8.

Samelman TR. Heat shock protein expression is increased in cardiac and skeletal muscles
of Fischer 344 rats after endurance training. Experimental physiology. 2000;85(1):92-
102.

Hickey E, Brandon SE, Potter R, Stein G, Stein J, and Weber LA. Sequence and
organization of genes encoding the human 27 kDa heat shock protein. Nucleic acids
research. 1986;14(10):4127-45.

Labbadia J, Cunliffe H, Weiss A, Katsyuba E, Sathasivam K, Seredenina T, Woodman B,
Moussaoui S, Frentzel S, Luthi-Carter R, et al. Altered chromatin architecture underlies
progressive impairment of the heat shock response in mouse models of Huntington
disease. The Journal of Clinical Investigation. 2011;121(8):3306-19.

Gehrig SM, van der Poel C, Sayer TA, Schertzer JD, Henstridge DC, Church JE, Lamon S,
Russell AP, Davies KE, Febbraio MA, et al. Hsp72 preserves muscle function and slows
progression of severe muscular dystrophy. Nature. 2012;484(7394):394-8.

84



