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A classical feature of neurodegenerative disorders is the accumulation of protein 
aggregates, such as TAR DNA/RNA binding protein (TDP-43) and superoxide dismutase 
1 (SOD1), which lead to neuronal dysfunction and loss. Therefore, molecules that 
maintain protein homeostasis may be beneficial therapeutic targets to correct the 
imbalance in protein folding and clearance in these disorders. Heat shock proteins 
(HSPs), such as HSP70 and HSP90 are molecular chaperones that maintain protein 
homeostasis and prevent neuronal death. HSPs are regulated by a stress-induced 
transcriptional factor, heat shock factor 1 (HSF1). HSF1 is inactive when in complex 
with HSP90 and becomes active once it is released from this interaction in the presence 
of misfolded proteins. Studies have shown that levels of multiple HSPs are reduced in the 
spinal cord of ALS patients, which suggests a decline in HSF1 activity, and could 
contribute to the accumulation of disease proteins. Targeted activation of HSF1 has 
raised tremendous interest as a potential target for therapeutic development. HSP90 
inhibitors that target the HSF1-HSP90 complex, as well as drugs that are stress-induced 
HSF1 activators have been shown to prevent aggregation in neurodegeneration models; 
however, they also have toxic off-target effects. Furthermore, overexpression of 
constitutively active HSF1 reduced the accumulation of insoluble TDP-43 in cell culture; 
however, male mice overexpressing the active form had an infertility phenotype. This 
thesis reports that overexpression of wild-type HSF1 causes a robust induction of HSPs 
in response to proteotoxic stress, reduced toxicity and protected against TDP-43 and 
SOD1 disease-related pathology in cell culture and mice respectively. I have generated a 
new double transgenic mouse model to further investigate the protective mechanism of 
HSF1 overexpression against TDP-43 pathology, during the time of this work. The 
nuclear clearance of TDP-43 is a pathological phenotype seen in ALS and FTLD, and my 
preliminary studies have shown that HSF1 induced a two-fold increase in nuclear TDP-
43 in these double transgenic mice. These results have laid the framework for further 
research. This thesis provides new data supporting the therapeutic efficacy of targeting 
HSF1 levels for the treatment of TDP-43 proteinopathies and ALS.  
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Chapter 1 Introduction  

NEURODEGENERATIVE DISEASES 

Overview 

Neurodegenerative disorders are characterized by gradual and permanent loss of 

neuronal activity or function that eventually leads to cell death. As the population ages 

and life expectancy increases, the prevalence of these diseases continues to increase 

dramatically. The prevalent neurodegenerative disorders are Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis 

(ALS). Today there are over five million people living with AD, one million with PD and 

30 000 with ALS, in the United States. (Alzheimer’s Association, PD Foundation, ALS 

Association) The socioeconomic burden of these devastating disorders is enormous and it 

is estimated that the cost of care for AD and other related dementias would be in excess 

of $1 trillion in 2050 (Alzheimer’s Association). There is no cure for these 

neurodegenerative disorders and the only drugs available target symptoms without 

addressing any of the mechanisms underlying the disease.  

The classical feature of neurodegenerative disorders is the accumulation of 

soluble, functional proteins in aggregates in the brain and spinal cord. These disease-

related protein aggregates can be found intracellularly in the cytosol, nucleus and 

endoplasmic reticulum as well as extracellularly [1]. 

The composition and conformation, cell types affected, as well as temporal and regional 

deposition of protein aggregates are distinguishing features between the various 

neurodegenerative diseases. (Figure 1.1) These differences likely underlie the variability 
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of clinical symptoms seen in patients, though the unifying characteristic of protein 

misfolding and dyshomeostasis among neurodegenerative disease could make therapeutic 

targets applicable to a variety of disorders. 

 

 

Illustration 1.1: Proteins associated with neurodegenerative diseases 

Extracellular TAR DNA-binding protein 43 (TDP43) aggregates in ALS (arrow heads), 

extracellular amyloid plaques (amyloid beta) (white arrow) and intracytoplasmic hyper-

phosphorylated tau (yellow arrow) in AD, intranuclear polyglutamine in HD (white 

arrow) and intracytoplasmic alpha-synuclein aggregates in PD (white arrow). 

Clinical Manifestation of neurodegenerative disease 

The clinical symptoms of neurodegeneration vary from motor defects to cognitive 

deficits, with many diseases showing multiple overlapping symptoms. The clinical 

manifestation of AD includes initial mild cognitive impairment eventually leading to 



 

22 

dementia, motor dysfunction and changes to personality. PD, on the other hand is 

commonly characterized as a movement disorder, with majority of patients also 

demonstrating cognitive symptoms including dementia, depression, anxiety, and 

hallucinations.  

Chorea, dystonia, impaired postural reflexes, bradykinesia, cognitive decline, 

depression, obsessive-compulsive disorders and anxiety are associated with HD. Upper 

and lower motor neuron abnormalities and muscle atrophy are key features of ALS[2, 3] 

; however, cognitive impairment is seen in some cases of ALS as well. Additionally, 

some patients develop both ALS and frontotemporal lobar dementia (FTLD) [2].  

Molecular pathways implicated in neurodegenerative diseases 

The central theme of protein aggregation in these neurological disorders is linked 

to many underlying mechanism. Mitochondria are needed for ATP production, 

modulation of calcium flux is important for neuroplasticity, and apoptosis signaling[4]. 

Impaired mitochondrial dynamics can trigger oxidative stress, which is shown to alter 

protein conformation and could lead to aggregation[5].  

Both autophagy and ubiquitin proteasome system (UPS), protein clearance 

pathways have been implicated in these disorders. Autophagy is important for the 

clearance of long-lived protein aggregated and recycling of damaged organelles [6]. 

Studies of post-mortem tissue have implicated autophagy as a critical factor for 

neurodegeneration [7]. Autophagy substrate, p62/sequestosome is present in 

ubiquitinated proteinaceous aggregates, and as such it is used as a marker for various 

neurodegenerative diseases[8, 9]. Mutations in autophagy genes, such as optineurin 

(OPTN) and p62, are causally linked to a small percentage of ALS [6, 10].  The UPS is 
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the degradative system for short-lived damaged proteins [11, 12]. The accumulation of 

ubiquitinated disease protein aggregates suggests a disruption of the UPS.  Mutations in 

genes such parkin, ubiquitin ligase, and ubiquilin 2 (UBQLN2), ubiquitin shuttling 

protein are linked to PD[13] and ALS[14] respectively.  

Recently, RNA homoeostasis has emerged as an important mediator in 

neurodegenerative disorders. Various mutations in RNA binding proteins have been 

identified and linked as causative genes in certain cases of neurological disorders. 

Mutation to TARDBP (TAR DNA binding protein-43), fused in sarcoma (FUS) and 

others have all been identified in ALS [15]. Heterogeneous nuclear ribonucleoproteins 

(hnRNPs) A2B1 and A1, a RNA binding protein, in which mutations have been linked to 

multisystem proteinopathy and ALS [16]. These proteins are known to have low 

complexity domains (disorder regions) that are needed for their physiological function 

[17]. The presence of these regions makes them susceptible to aggregation [18]. 

One hypothesis is that age-related decline in the protein degradation machinery, 

and reduction in molecular chaperone levels makes protein susceptible to aggregation 

[19-22]. Heat shock proteins (HSP) are cellular chaperones that assist in the (re) folding 

and degradation of proteins [23, 24]. There is evidence showing that these proteins are 

decreased in ALS, AD and HD patients [20, 21, 25]. Heat shock proteins are 

differentially expressed in certain brain regions, which could predict the selective 

vulnerability of these areas[26]. Furthermore, neuronal and non-neuronal cells are shown 

to have different levels of HSPs, which may have implications for disease[27]. Mutations 

in HSP genes are associated with neuropathies, myopathies and retina degeneration [28]. 

HSP60 mutation is associated with axonal degeneration and hereditary spastic paraplegia 
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(SPG13)[29]. Mutations in several DNAJ proteins are linked diseases such as juvenile-

onset Parkinsonism and cerebellar ataxia [30]. Furthermore, HSPB1 mutations are linked 

to axonal transport dysfunction in several neurological disease [28].  

 

Mechanism of neuronal death 

Studying the mechanism of neuronal death in neurodegenerative diseases is 

challenging, as tissue for analysis is typically only available post-mortem at the late 

stages of the disease. For this reason in vitro and in vivo neurodegeneration models have 

been developed to better understand these pathways.        

Apoptosis is a key cause of cell death in neurological disorders. Post-mortem 

tissue from AD patients shows increased levels of activated caspase-3, a marker for 

apoptosis[31]. In PD post mortem tissue, both the extrinsic and intrinsic apoptotic 

pathways are upregulated [32].  

Excitotoxicity is a contributor to neuronal death through apoptosis. Accumulation 

of toxic aggregates is linked to calcium dyshomeostasis associated with numerous 

neurodegenerative diseases that cause aberrant neuronal firing eventually triggering 

apoptotic cell death [33]. Excess influx of calcium leads to hyperactive N-methyl-D-

aspartate (NMDA), glutamate receptors seen in AD [34] and HD rodent models [35].  

 ER stress has also been shown to play a role in neuronal death. Accumulation of 

disease proteins can cause ER stress that induces downstream apoptotic cell death 

pathways in AD and ALS [36].  

Autophagy is an uncommon cell death pathway. However, it is suggested that 
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mutations in autophagy genes, increased autophagy and defective clearance of 

autophagosomes could potentially initiate apoptotic events [37].  

In summary, as disease progress there is a great deal of cross talk between cell 

death pathways, making it challenging to decipher how it initiates. There is some 

evidence in cell culture and animal models that disease-associated aggregated proteins 

are direct inducers of apoptosis [38]. 

Amyotrophic lateral sclerosis 

In 1869, French physician Jean-Martin Charcot defined ALS as a muscle 

degenerative disease [3]. It is called Lou Gehrig’s disease in the United States [39]. In the 

United Kingdom, Australia and parts of Europe, motor neurone disease (MND) is used to 

define a group of disorders that includes ALS.  ALS is a degenerative disease of upper 

and lower motor neurons and their axons in the brain and spinal cord, which leads to 

muscle degeneration, rapid progressive paralysis and death within three years of onset 

[2]. To date, there is no cure for ALS; however, there is only one FDA approved drug to 

treat this disease [40]. 

  The two types of ALS, familial (fALS) and sporadic (sALS), comprise about 

10% and 90% of all cases respectively [39]. The average age of onset varies between 50 

to 65 years, while the prevalence doubles past the age of 80 [39]. However, 5% of cases 

have an early onset, before 30 years of age. Notably, the age of onset for fALS is about a 

decade earlier than sALS [39]. 

 There are five core pathological subtypes of ALS and several underlying causal 

genes; these include ALS-SOD1 (superoxide dismutase 1), ALS-C9ORF72, 

(Hexanucleotide repeat expansion in C9ORF72) ALS-TDP-43, ALS-FUS (fused in 

sarcoma) and ALS-Guam.[41] Mutations in optineurin (OPTN), valosin-containing 

protein (VCP), ubiquilin 2 (UBQLN2), p62/sequestosome (SQSTM1), vesicle-associated 
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membrane protein-associated protein B (VAPB), charged multivesicular body protein 2B 

(CHMP2B), and profilin 1 (PFN1) are also linked to ALS [42]. In the past two years, two 

new genes have been discovered in ALS. TANK-binding Kinase 1 (TBK1) protein, 

which has a role in autophagy and immunity, and NIMA-related kinase 1 (NEK1), which 

plays a role in cell-cycle regulation[43].  

There is some convergence of pathogenic mechanism of ALS and FTLD. FTLD 

is a type of dementia associated with changes in personality, language, behavior and 

cognitive (executive) function caused by neuronal loss in the frontal and temporal lobes 

of the brain [44]. Some patients with ALS show cognitive impairment (ALS-dementia) 

and about half of these develop FTLD[44]. FTLD has multiple subtypes, which include 

FTLD-tau, FTLD-DPR (dipeptide repeat protein), FTLD-UPS, FTLD-FUS and FTLD-

TDP-43. C9ORF72 is an (GGGGCC) expansion repeat present in the C9ORF72 gene 

whose protein function is still unknown. It is associated with both fALS (~40%) and 

sALS (~10%), and fFTLD (25%) cases [45]. VCP mutations are responsible for 1-2% of 

fALS and FUS mutations are seen in 4% of fALS cases [46]. 

 

Cu/Zn Superoxide dismutase (SOD1) 

SOD1 in ALS 

The first disease causing SOD1 mutant was discovered in 1993 [3]. SOD1 

mutation is seen in 20% of fALS and 3% of sALS [47]. To date, over 150 SOD1 

mutations that have been discovered; however, the pathogenicity of all the mutants has 

not been completely studied [48]. SOD1 mutations were initially thought to disrupt its 

superoxide dismutase activity. Notably, not all mutations are associated with a reduction 

in SOD1 activity [49]. It is now widely accepted that SOD1 pathogenicity occurs through 

a toxic gain-of-function [50]. Mutant SOD1 is prone to aggregate and its presence in 
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humans has been replicated in rodent models, leading to selective loss of spinal motor 

neurons [51].  

 

SOD1 Function 

SOD1 is a 153 amino acid protein [47]. Its main function is to scavenge 

superoxides and turn them into molecular oxygen and hydrogen peroxide [3].  It is 

primarily localized to the cytoplasm and also to the nucleus, lysosomes, and inter-

membrane space of the mitochondria [52]. It forms a homodimeric metalloenzyme with 

both zinc and copper ion catalytic site [52]. Its active form requires post-translational 

modification, acquisition of zinc and copper ion, disulfide bond formation and 

dimerization. Its metal binding function plays a limited role in its pathogenicity [53].  

 

SOD1 Pathogenicity 

In order to understand the toxicity of SOD1 alteration in disease, SOD1 knockout 

mice have been created [54]. Mice show variable results with a less overt 

neurodegenerative phenotype, and suggest that loss-of-function may only contribute to 

the disease and not initiate it [49]. On the other hand, overexpression of wild-type SOD1 

in mice does not induce development of a motor phenotype [49]. Collectively, these two 

studies support the hypothesis for a gain-of-toxic function in ALS-SOD1. Using rodent 

models and patient samples there is evidence for neuronal and non-neuronal involvement 

in SOD1 pathogenicity.  Expression of mutant SOD1 in glial cells showed aspects of 

ALS phenotype suggesting its contribution to the disease [55].  
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Molecular pathways implicated in SOD1 

The presence of mutant SOD1 deposited in the outer membrane and matrix of 

mitochondria in the spinal cord of ALS patients has been implicated in mitochondrial 

dysfunction and toxicity [39].  In addition, mutant SOD1 has been shown to disrupt 

anterograde and retrograde axonal transport and induce toxicity [56].  

Gliosis is implicated in SOD1 pathogenicity. There is an increase in activation of 

glial cells [57].   Surrounding mutant SOD1 neurons with wild-type glial cells protected 

them against cell death [5, 49]. 

Excitotoxicity associated with the reduction in astroglial glutamate transporter 

(EAAT2) has been observed in transgenic SOD1 mouse models and ALS patient tissue 

[58] [39].  

 

Tar DNA/RNA Binding protein (TDP-43) 

TDP-43 in TDP-43 proteinopathies 

In 2006, there was the seminal discovery of immunoreactive TDP-43 RNA 

binding protein to be present in cytoplasmic ubiquitinated aggregates [59] Today, over 30 

mutations have been discovered for TDP-43 [60]. Interestingly, most of these mutations 

cluster within the C-terminal region of the protein. TDP-43 mutations comprises of 1-3% 

of fALS cases, however, over 97% of ALS patients show accumulation of TDP-43 

aggregates in both neurons and glial cells regardless of the genetic alterations [15]. This 

implies that mutations in other genes also trigger TDP-43 aggregation and highlights the 

importance of TDP-43.   

 



 

29 

TDP-43 Function 

As its name implies, TDP-43 is a 43-kDa protein that is encoded by the TARBP 

gene. It is a conserved protein among different species and it is ubiquitously expressed. 

The presence of its two RNA recognition motifs, nuclear localization signal (NLS), 

nuclear export signal (NES) and the C-terminal disorder region suggests that it belongs to 

the heterogeneous nuclear ribonucleoproteins (hnRNPs) family [61].   

TDP-43 is mainly located in the nucleus but shuttles between the two locations 

and is shown to have functions in both the nucleus and cytoplasm, where it has additional 

roles. Its nuclear functions have been thoroughly studied and they include transcription 

repression (mRNA targets), pre-mRNA maturation, splicing regulation of a large number 

of transcripts and microRNA biogenesis [41]. TDP-43 auto-regulates itself by binding to 

its own mRNA and tightly regulates its protein levels [62, 63]. More recently, its 

cytoplasmic functions were discovered to involve mRNA granule transport along axons 

to nerve terminals and this was shown in drosophila and induced pluripotent stem cells 

(iPS) from ALS patients (iPS) [64]. Furthermore, TDP-43 is involved in the formation of 

cytoplasmic stress granule (foci for repressed translation of mRNA) during cellular stress 

[65]. The disordered C-terminal domain of TDP-43 is needed for its physiological 

function in stress granule formation. However, this region has been shown to be involved 

in the accumulation of pathogenic TDP-43 aggregates [17, 18, 66].  

In disease state, there is nuclear clearance of TDP-43 and cytoplasmic 

accumulation, fragmentation, aggregation and post-translational modifications. TDP-43 

pathology is present in both the brain and spinal cord [67, 68].   

TDP-43 pathogenicity has been debated between loss of function in the nucleus 

and cytoplasm, or a gain of toxic function, with evidence for both hypotheses [60, 64, 

69].  
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TDP-43 Pathogenicity 

TDP-43 knockout 

TDP-43 knockout models have been generated to investigate whether TDP-43 toxicity in 

disease is due to a loss of function [69, 70].  Loss of TDP-43 function in vivo leads to 

phenotypes that suggest its may be a facet of disease pathogenicity. TDP-43 knockout in 

mice is embryonic lethal [70], however the heterozygous knock out only induce a mild 

phenotype as animals age [70]. Post-natal knockout of TDP-43 targeted specifically to 

motor neurons caused axonal and muscle atrophy, and motor dysfunction[69]. 

TDP-43 cytoplasmic accumulation 
 

Nuclear clearance of TDP-43 and its cytoplasmic accumulation is seen in ALS, 

and is increased in the presence of mutations and cellular stress. Mice carrying a human 

TDP-43 transgene with a mutated NLS (hTDP-43ΔNLS) signal showed loss of 

endogenous mouse TDP-43, cytoplasmic inclusions in many brain region, neuronal loss 

both in the brain and spinal cord, neuromuscular junction (NMJ) abnormalities, muscle 

atrophy, motor impairment loss of body weight and premature death[71]. Most 

importantly suppression of hTDP-43ΔNLS expression after disease onset in these mice 

led to a rescue of endogenous nuclear TDP-43 protein, motor neuronal loss, motor 

impairment, NMJ abnormalities and an increase in lifespan[71]. 

 
TDP-43 levels 

Overexpression of either the wild-type or mutant TDP-43 is pathogenic and displays a 

dose dependent toxicity. There is sufficient evidence showing that TDP-43 self-regulates 

its protein levels [62, 63].  In these overexpression models there is reduction in the 
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endogenous mouse TDP-43 protein levels, which makes defining the reason for the 

phenotype complex. Some studies have shown that lowering the endogenous mouse 

TDP-43 is not sufficient to cause a neurodegenerative phenotype. Meanwhile 

overexpression of wild-type hTDP-43 using a neuronal promoter Thy1.2, mouse prion 

promoter (brain and heart) or calcium/calmodulin dependent kinase CaMKII promoter  

(forebrain) all show variations in phenotypes such as upper and lower motor neuron 

degeneration, gliosis, rare TDP-43 inclusions, TDP-43 fragments and motor deficits, 

based on their levels and promoter region. [55, 72].  

 

TDP-43 fragments 

The contribution of TDP-43 pathology to disease is not completely understood. In cell 

culture, several laboratories including ours have shown that TDP-43 fragments are toxic 

to cells. Transgenic mice under the control of a Thy 1.2 promoter showed cognitive 

defects with no TDP-43 positive inclusions or degeneration [73], while AAV9 (adeno 

associated virus serotype 9) mediated transduction of TD-43 25kDa fragment showed 

some motor impairment[74].  

 

TDP-43 mutation 

The direct effect of TDP-43 mutations in animal models has been challenging to 

determine.  Mouse models either overexpress wild-type or mutant human TDP-43, which 

cannot be directly compared due to varying levels of TDP-43 expression, which we now 

know, are critically important for toxicity [75]. However, one study showed that mutant 
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transgenic TDP-43 mice using a prion promoter drove pathology when crossed with wild-

type TDP-43 [76]. The study reported the use of founder line with comparable levels of 

mutant or wild-type transgene accumulation. 

TDP-43 aggregation 

The role of TDP-43 aggregation in disease is unclear and its presence is not 

necessary for acquisition of a neurodegenerative phenotype in animal models. However, 

TDP-43 has been shown to trigger the accumulation of other ubiquitinated protein 

aggregates that could be toxic to the cells[72] and toxic oligomers have been detected in 

FTLD patients and transgenic mice[77]. 

Molecular pathways implicated in TDP-43 

Levels of HSP70 and HSP40 in ALS patients and mouse models have been shown 

to be down regulated implying a disruption in their heat shock response pathway[20]. 

Recent studies show that TDP-43 accumulates in the mitochondria, which is increased by 

TDP-43 mutations. Importantly, suppression of TDP-43 localization to the mitochondria 

abolishes TDP-43 neurotoxicity[78]. A drug that targets the stress granule pathway was 

shown to reduce toxicity in an ALS drosophila model[79]. Additionally, elevated levels 

of ER stress have been detected in skin tissue from patients with TDP-43 mutation [80].  
  

Heat shock factor 1 and neurodegenerative diseases 

HSF1 Function 

The evolutionarily conserved heat shock proteins belong to a family of molecular 

chaperones that assist in protein folding, stabilization, transport and sorting, and 

disaggregation (protein homeostasis) under both physiological and pathological 
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conditions[81, 82]. Heat shock factor 1 (HSF1) is a highly conserved transcription factor 

for heat shock genes such as HSP110, 90, 70, 60, 40 and small HSPs families and other 

non-heat shock genes[82]. The synthesis of heat shock proteins under stressful conditions 

is known as the heat shock response (HSR), and it was first described as a biological 

response to elevated temperature[83]. HSF1 knockout mice lose the ability to induce the 

HSR, and are vulnerable to proteotoxic stress [24].  HSF1 knockout mouse fibroblast 

(MEFs) cells have a diminished ability to degrade ubiquitinated proteins [84]. 

Recent studies have focused on the role of HSF1 in non-HSP gene transcription [85], 

which includes regulation of cell survival genes [86]. HSF1 was recently discovered to 

induce neuroprotective pathway proteins, such as synaptic elements [87]  

HSF1 Regulation 

HSF 1 2, 3 and 4 all belongs to the HSF family [81]. HSF1 has multiple 

functional domains, which include an amino terminal helix-turn-helix DNA binding 

domain, a helical coiled-coil hydrophobic heptad repeat (HR-A/B) and a carboxy –

terminal heptad repeat (HR-C), a regulatory domain  (RD), and the transactivation 

domain[81].  The DNA-binding domain binds to nGAAn sequence within a cis- acting 

element referred to as the heat-shock element (HSE) on its DNA target. The heptad 

repeat domains regulate HSF1 trimerization. HR-A/B forms triple strand coiled-coil 

configuration and HR-C repeat prevent its spontaneous trimerization [81]. 

In the monomeric state, it forms a protein-protein complex with HSP90 and other 

proteins like p23 and cyclophilin where its activity is inhibited [88, 89]. HSF1 is 

activated by heat shock, accumulation of misfolded proteins, oxidative stress or other 

proteotoxic stresses. Misfolded proteins bind to HSP90, releasing HSF1 from its 



 

34 

inhibitory complex to be translocated into the nucleus where it is activated [82].  

Furthermore, HSF1 activity is regulated by phosphorylation, sumoylation and acetylation. 

There are multiple phosphorylation sites on HSF1 [90].  Serine 303 and 307 are 

constitutively phosphorylated and are negative regulators of HSF1 activity. The most 

studied phosphorylation site for its activation is residue S326. Many kinases (such as 

CaMKII at S230) have been shown to phosphorylate HSF1 under different proteotoxic 

conditions [91-93].  Recent work has questioned the idea that HSF1 activation is driven 

by its phosphorylation with studies showing that HSF1 phosphorylation is not necessary 

for nuclear translocation and DNA binding. These results suggest that addition markers 

should be used when determining HSF1 activation [90]. Sirtuin 1 (SIRT1), a NAD-

dependent histone deacetylase, positively regulates HSF1 binding. HSF1 is negatively 

regulated by p300 at lysine residue 80 in its DNA binding domain [94]. 

HSF1 Dysfunction in neurodegenerative diseases 

Multiple laboratories have provided evidence showing HSF1 levels and the HSR, 

stress response system, are altered in cell culture, animal models and most importantly, 

post-mortem brain tissue in multiple neurodegenerative diseases [21, 22, 84, 95]. 

Synucleinopathy patients show reduced levels of HSF1. Cell culture and animals models 

of either wild-type or mutant α-synuclein protein overexpression also show similar 

results.  Furthermore, these cellular models show that there is an increase	  in HSF1 

degradation regulated by NEDD4 [96].	  HSF1	  and	  HSP70	  protein	  levels	  are	  

significantly	  reduced	  in	  cell	  culture	  and	  knock-‐in	  polyglutamine	  expanded	  mouse	  

models	  of	  HD	  [21]. HSF1 knock out mice showed some neurodegenerative phenotypes 

that include demyelination, enlarged lateral and third ventricle, gliosis and changes in 
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locomotive function that resembled PD, AD, and ataxia associating HSF1 dysfunction 

with varied neurodegenerative diseases [97] [84]. More recently, a TDP-43 mouse model 

was shown to have reduced HSF1 and HSPs (70 and 40) levels, while HSF1 levels were 

not reduced in ALS patients there was a significant reduction of HSP70 and HSP40 

levels[20].  

HSF1 as a therapeutic target 

Most of the clinical trials and FDA-approved drugs for neurodegenerative 

diseases only target the symptoms of these diseases and not their underlying causes. 

Developing drugs that target protein misfolding might prove to be ideal in treating ALS 

and other neurodegenerative diseases. Overexpression or drug-induced activation of 

individual HSP proteins have been shown to have beneficial results in some 

neurodegenerative models while others had no effect. However, cell culture studies show 

that expression of multiple chaperones has an enhanced effect over individual chaperones 

[86, 98, 99]. We now know that HSPs work in hetero-complexes that are needed for their 

function, making HSF1 a better target.  Various strategies have been used to target HSF1 

to induce its activity, prolong its activity or lower the threshold of its activation.  

HSF1-HSP90 complex 

Several drugs have been used to target the HSF1-HSP90 complex, by inhibiting 

HSP90, and releasing HSF1. Well-known HSP90 inhibitors, which include geldanamycin 

and its derivatives, bind to the HSP90 ATP binding pocket and inhibit its activity.  This 

drug has been shown to induce HSF1 –dependent chaperone genes. Geldanamycin has 

also been shown to reduce aggregation and toxicity in different cell culture models of 
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neurodegenerative diseases [100, 101], however high levels of HSP90 inhibitor are toxic, 

because of effects to HSP90 client proteins, which include kinases.  

HSF1 activation 

Celastrol is a quinone methide triterpene compound that has been suggested to 

bind to HSP90 C-terminal domain, and inhibits its interaction with Hsp90 co-chaperone 

Cdc37 protein [102]. It causes the activation of HSF1 and has shown protection 

beneficial effects against disease protein aggregation in neurodegenerative disease 

models such as AD mice; however, it can also be toxic [86, 103-105].  Its mode of action 

is not completely understood, but it is HSF1A is a benzyl pyrazole derivative, which 

induces HSF1-dependent chaperone proteins [86, 106]. Its mode of action is thought to 

be through altering protein chaperone complexes, but has been shown to alleviate 

polyglutamine dependent toxicity in flies [107]. 

HSF1 overexpression 

There are some benefits to overexpression of constitutively active HSF1, it has 

been shown to effectively reduce insoluble and hyper-phosphorylated TDP-43 levels [20] 

and protects against polyglutamine aggregates in cell culture and mouse models[99]. 

However, overexpression of the constitutively active form of HSF1 caused infertility in 

male mice [108]. Previous work had suggested that overexpression of wild-type HSF1 

had no amplified effect in protecting against proteotoxic insult [95]. However, our 

laboratory found that overexpression of the wild-type HSF1 protected against protein 

aggregates in multiple neurodegenerative disease models [109-111].  
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Post-translational modification 

Certain drugs prolong HSF1 activity with no effect on its activation. Sirtuin 1 

(SIRT1), deacetylase, targets HSF1 and increases its activity by increasing access to bind 

to its target DNA[94].  Both drug-induced activation of SIRT1 using resveratrol [112], 

and SIRT1 overexpression [113] has shown beneficial effects against ALS phenotype in 

mutant SOD1 mice. SIRT1 strategy is useful but may have some off-target, given that is 

a deacetylase for multiple proteins. 
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Chapter 2 Heat shock factor 1 over-expression protects against 

exposure of hydrophobic residues on mutant SOD1 and early mortality 

in a mouse model of amyotrophic lateral sclerosis  

INTRODUCTION  

It has been proposed that exposure of hydrophobic surfaces increases the 

propensity of non-native proteins to oligomerize and form aggregates in a wide range of 

age-associated neurodegenerative diseases including amyotrophic lateral sclerosis (ALS), 

Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s diseases. ALS is the most 

common adult motor neuron disease characterized by progressive degeneration of motor 

neurons, which results in muscle atrophy and weakness, followed by paralysis and death. 

A number of different mutations in genes encoding Cu/Zn superoxide dismutase (SOD1) 

[114], TAR DNA binding protein 43 (TDP-43) [115], and 17 others are associated with 

familial forms of ALS (fALS), which make up 10% of total ALS cases. The first known 

genetic link to fALS was SOD1, which is responsible for 20% of familial cases, and over 

150 mutations in SOD1 have been described [54]. SOD1 mutations can be grouped into 

two families based on their biophysical effects to the protein: pseudo-wild-type mutants 

which retain metal binding and enzyme activity, and metal binding region mutants such 

as H46R/H48Q, which have only partial to no metal binding ability and reduced or no 

enzyme activity [116, 117]. Despite being responsible for the disproportionation of 

superoxide radicals to oxygen and hydrogen peroxide, mutations in SOD1 are known to 

be toxic due to a gain of function rather than a loss of function [118]. Increased surface 

hydrophobicity of SOD1 mutants is a common feature [119, 120] and may be important 



 

39 

in gain of functionality through a structure-function relationship, however the degree to 

which soluble mutant SOD1 is misfolded in situ is unknown and difficult to measure 

using conventional assays. Changes in protein surface hydrophobicity are important 

because exposure of hydrophobic domains may facilitate the formation of new protein-

protein interactions and aggregation of proteins which are observed in all cases of ALS. 

If allowed to persist in vivo, surface exposed hydrophobic domains could lead to 

formation of oligomers or seeding of amorphous or fibrillar protein aggregates that 

correlate with cellular toxicity [121, 122]. Importantly, substrate specificity of major heat 

shock proteins (HSPs) is dictated by sequence-specific hydrophobic amino acids that 

frequently occur in proteins but are usually buried and not surface-exposed [123-126]. 

Thus, exposed surface hydrophobicity is a significant recognition signal for HSP binding 

and subsequent re-folding or degradation by chaperones and co-chaperones via the 

ubiquitin proteasome system (UPS) [23] or autophagy [127]. 

Soluble, conformationally altered proteins and those with increased surface 

hydrophobicity are difficult to measure and screen for in biological samples without prior 

fractionation and purification, and available methods are not amenable to locating the 

specific domains where unfolding occurs. In addition, difficulties in replicating the off-

pathway folding events that occur in vivo [128] make measuring conformationally altered 

species in situ advantageous. To address these difficulties, we have previously developed 

a novel fluorescence-based proteomic assay using 4,4’-bis-1-anilinonaphthalene-8-

sulfonate (bisANS) that can detect changes in protein conformation on the basis of 

changes in protein surface hydrophobicity from soluble in situ tissue proteomes [129, 

130]. Using this assay we have found that changes in protein conformation do occur in 
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skeletal muscle during ALS progression, experimental denervation, and muscle injury 

[129, 131, 132], and that the bisANS incorporation sites can be mapped onto proteins 

[132] for further targeting studies with conformation-specific antibodies [133], or other 

methods. In this study, we measure changes in surface hydrophobicity of proteins from 

the spinal cords of H46R/H48Q mice in order to examine the in situ surface 

hydrophobicity of soluble mutant SOD1 and non-SOD1 proteins from this model. By 

covalently labeling proteins with the conformation-sensitive dye bisANS, which 

fluoresces when it binds to apolar surfaces, we have found that the H46R/H48Q mutation 

in SOD1 provokes formation of high molecular weight SOD1 species with a lower 

solubility due to increased exposure of hydrophobic surfaces. Furthermore, we have 

uncovered changes in the surface hydrophobicity profile of 16 non-SOD1 proteins that 

are involved in energy metabolism pathways, cytoskeletal framework/cell mobility, 

signaling, and protein quality control systems. 

Heat shock factor 1 (HSF1) is a 57kDa member of the HSF family, and is the 

major regulator of HSP expression [134]. Given that HSPs are cytoprotective and 

recognize exposed surface hydrophobicity in their selection of substrates, HSF1 is an 

attractive pharmacological target. Several pharmacological activators of HSF1 are 

known, and function through inhibition of the proteasome or negative regulators of 

HSF1, such as HSP90. The hydroxylamine compounds bimoclomol and arimoclomol 

prolong the activation of HSF1. Arimoclomol was tested on the G93A mouse model of 

ALS and it was found to increase lifespan by 22% [135] and is currently in phase 2/3 

clinical trials for ALS [136].  The arimoclomol treated mice had elevated levels of 

HSP70 and 90 compared to untreated G93A mice, suggesting that HSP expression 
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through the HSF1 system was protective in ALS, however it is unknown whether metal 

binding region mutants will be protected by enhancing protein homeostasis. Riluzole, an 

FDA approved drug to treat ALS has been shown to increase latent HSF1 levels and 

enhance the heat shock response (HSR) [40, 137].  Importantly, increasing levels of 

HSF1 by the use of transgenes [138] or through glutamine and the CAAT enhancer-

binding protein-β (C/EBP-β) [139], are alternate ways to upregulate HSF1 and enhance 

the HSR due to titration of the HSF1 inhibitor HSP90. This is especially important for 

motor neurons, which are reported to have a high threshold for activation of HSF1[95]. 

Several studies have shown that the over-expression of HSF1 extends lifespan and 

protects against various types of pathologies. For example, in C. elegans over-expression 

of HSF1 extends lifespan [140], while its inhibition shortens lifespan.  Activation of 

HSF1 using the HSP90 inhibitor 17-N-allylamino-17-demethoxygeldanamycin (17-

AAG) led to an extension in lifespan of a drosophila model of ALS, owing to the 

upregulation of the drosophila ortholog of αB-crystallin [141]. We and others have 

demonstrated a protective role of HSF1 against protein misfolding and aggregation in 

other neurodegenerative diseases, including AD [110], Huntington’s disease [99], and 

prion diseases [142]. Taken together, these studies confer the beneficial effects of an 

HSF1-based ALS therapy and an important role of the HSF1-mediated HSR in protecting 

against ALS. 

We have created a transgenic mouse that over-expresses human HSF1 (HSF1+/0) 

2-4 fold in all tissues especially the CNS [138]. We have shown that HSF1+/0 mice have 

an enhanced HSR [138], and are protected from AD-like deficits in memory [143]. In the 

current study, the effect of HSF1 over-expression in a mouse model of ALS was 
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examined and found to significantly delay loss of bodyweight, disease onset, early 

disease, and survival in the 25th percentile suggesting that enhanced control of protein 

surface hydrophobicity by upregulating HSF1 is a potential target for the treatment of 

ALS and other proteinopathies.  

METHODS  

SOD1 and HSF1 Transgenic Mice 

Mice were housed in a temperature and humidity-controlled vivarium at the Audie L. 

Murphy VA Hospital. Wild type transgenic human SOD1 (WT TG) mice were 

backcrossed to C57B6/J mice 4 times. The SOD1 H46R/H48Q mutant mice 

(H46R/H48Q) were generated by David Borchelt (line 139) [144] on a C3HeJ B6 

background and backcrossed over 10 generations to a C57BL/6J background in our 

facility. HSF1+/0 were derived and maintained on a C57BL/6 background, and the 

generation of these mice has been described previously [138]. Male H46R/H48Q 

breeders were mated with female HSF1+/0 mice to generate mice for the survival cohorts, 

and the lifespans of the male breeders were monitored to ensure they did not deviate from 

parental lines due to mutant SOD1 copy loss. Offspring were genotyped to obtain double 

transgenic mice that contained both mutant H46R/H48Q and the HSF1 transgene 

(H46R/H48QxHSF1). Genotyping was performed by PCR using primers specific for the 

human SOD1 gene [114] and as previously described for the human HSF1 transgene 

[138]. Body weight measurements began when mice reached the age of 120 days and 

recording was performed bi-weekly until death (n=19/genotype). Disease onset was 

calculated as the day a mouse reached its maximal bodyweight, while early disease is 

defined as the day at which a 10% decrease in its maximal bodyweight was observed, and 
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survival is determined at the day at which a mouse is unable to right itself when place on 

its side for 30s [145, 146]. All procedures for handling animals in this study were 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of 

the Audie L. Murphy Memorial Veterans Hospital.  

BisANS assay 

Covalent UV photolabeling of bisANS to proteins was performed essentially as described 

[132]. Briefly, soluble fractions (S1) of spinal cord tissue were isolated on ice by 

homogenization of tissue with 5 volumes of bisANS labeling buffer (50mM Tris 10mM 

MgSO4 pH 7.4 plus protease inhibitors) followed by centrifugation at 100,000g for 1hr at 

4°C. It has been shown that incubation of proteins with high dye:protein ratios of 100:1 

or more can induce conformational changes in some proteins [147]. Therefore in all 

comparisons, we labeled 1mg/ml solutions of cytosolic protein with 200µM bisANS with 

a handheld 365nm UV lamp (UVP, Upland, CA) for 30 minutes on ice in a 96-well plate 

with non-mutant SOD1 over-expressing mice as controls. At this protein concentration it 

was estimated that the dye:protein ratio was approximately 8:1 based on abundance and 

molecular weights of Sypro Ruby spots in 2D gel profiles. BisANS labeled proteins were 

then precipitated 1:1 with 20% trichloroacetic acid. Precipitates were centrifuged at 4°C 

at 18,000g for 30min, and pellets were washed twice by disrupting with ice cold 1:1 

ethanol:ethyl acetate. Cleaned pellets were dried and then dissolved in 6M urea, 4% 

CHAPS, 0.4% ampholytes. For SDS PAGE gels, 15µg of protein was diluted in 6X 

laemmli buffer and separated on 15% polyacrylamide gels. Following electrophoresis, 

gels were imaged for bisANS and stained with Sypro Ruby.   
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2D gel electrophoresis 

Following determination of protein concentration by BCA assay, 4µl of destreak reagent 

(GE Health) was added to 200µg of bisANS labeled protein, which was focused on 4-7 

immobilized pH gradient (IPG) strips for 12hr. Focused IPG strips were then washed in 

equilibration buffer (50 mM Tris buffer pH 8.8, 6M urea, 30% glycerol, 2% SDS) 

containing 10mg/ml dithiothreitol (dTT) for 15 min followed by 25mg/ml iodoacetamide. 

Equilibrated strips were then separated on 15% polyacrylamide gels, placed in 10% 

methanol at 4°C, and visualized for bisANS fluorescence on a UV imager with a 365nm 

illumination source for 30 seconds (AlphaImager). 2D gels were placed in fixing solution 

(10% methanol 7% acetic acid) for 1hr and then stained in Sypro Ruby overnight with 

gentle agitation. Following destaining with fixing solution, gels were placed in doubly 

deionized water for 1hr and then imaged for Sypro Ruby fluorescence on a Typhoon 

9410 imager (GE Health). BisANS and corresponding Sypro Ruby spots were matched 

and quantitated by densitometry using Imagequant (Molecular Dynamics). Hydrophobic 

ratios were determined by dividing the bisANS densitometric value by corresponding 

Sypro Ruby densitometric values. The mean hydrophobic ratios for each group were then 

compared using one-way ANOVA. Spots with significantly different hydrophobic ratios 

were picked using an ExQuest spot cutter (Biorad).  

Mass spectrometry 

Picked spots were digested in gel with sequencing grade trypsin (promega) overnight at 

37°C. Peptide digests were then spotted to a target with α-cyano-4-hydroxycinnamic 

acid, and identified by matrix-assisted laser desorption ionization time of flight (MALDI-

TOF) mass spectrometry (Voyager STR, Applied Biosystems). Peak lists were generated 
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by Data Explorer version 4.0.0.0 (Applied Biosystems) using advanced baseline 

correction peak width parameters of 32, flexibility of 0.5, and degree of 0.1; noise filter 

parameter of 0.7; gaussian smooth parameter of 5; noise reduction parameter of 2.00. 

Trypsin autocatalytic peaks were used to internally calibrate spectra, and were excluded 

from peak lists for Mascot database searches. Peptide mass fingerprints were then 

searched using Mascot (Matrix Science) and the NCBInr 10/01/2012database allowing 

1missed cleavage site. Variable modifications of carbamidomethylated cysteine and 

oxidation of methionine were included and a peptide mass tolerance of 100ppm was used.   

Western blotting 

Insoluble material remaining from homogenized spinal cords was sequentially extracted 

with detergents of increasing ionic strength as described previously [132]. In brief, after 

centrifugation of tissue homogenates at 100,000g the pellet was sonicated in bisANS 

labeling buffer to remove cytosolic proteins and re-pelleted at 100,000g for 30min. Next, 

pellets were extracted in the same buffer containing 0.5% Nonidet P40 by sonication and 

re-pelleted at 100,000g for 30min. This supernatant was termed P1. The remaining pellet 

was then sonicated in P1 buffer containing 0.25%SDS and 0.5% deoxycholate to isolate 

the P2 fraction, then P1 buffer containing 2% SDS and 0.5% deoxycholate to isolate the 

P3 fraction. Protein extracts were then boiled in non-reducing or reducing Laemmli 

buffer where indicated, and separated by 15% SDS PAGE followed by a 2hr wet transfer 

at 100V to polyvinylidine fluoride membranes (Biorad). Membranes were blocked in 5% 

milk Tris-buffered saline containing tween 20 (TBST) containing 20mM Tris, 137mM 

NaCl, and 0.4% tween 20 for 30min at room temperature. Membranes were incubated 

with sheep anti-human SOD1 (1:1000, Calbiochem), mouse anti-UCHL1 (1:5,000 
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Abnova#H00007345-M01), mouse anti-Hsp70 (1:10,000, Stressgen; SPA-810), rabbit 

anti-HSF1 (1:10,000 dilution, Stressgen;SPA-901), heat shock cognate 70 (Hsc70) 

(1:20,000 dilution, Stressgen SPA-815), rabbit anti-LC3 (1:2,500 dilution, Cell 

Signaling#2775), rabbit anti-CHIP (1:1000, Cell Signaling#2080), rabbit anti-αB-

crystallin (1:2000, Abcam #ab13497), overnight at 4°C with gentle agitation.   

BisANS docking 

BisANS was docked to SOD1 (dimeric WT metallated: [2C9V] or monomeric apo 

H46R/H48Q:[3GQF]) using Autodock Vina [148].  Docked pdb files were generated and 

rendered by RasMol version 2.7.5.2.    

Immunofluorescence microscopy 

Mice were perfused transcardially with PBS and spinal cords were excised and fixed in 

PBS containing 4% paraformaldehyde at 4°C until processing.  Lumbar regions of the 

spinal cord were imbedded in optimal cutting temperature compound and sectioned at 

30µm and affixed to poly-D-lysine coated slides.  Sections were blocked in 4% goat 

serum in TBST and stained with choline acetyltransferase (1:250), glial fibrillary acidic 

protein (1:500), SOD1 (1:500) Heat shock protein 70 (1:500), or αB-crystallin (1:500) 

overnight at 4°C in 1% goat serum in TBST. Primary antibodies were visualized with 

secondaries conjugated with Alexa 350, 488, or 594 at 1:250 in 1% goat serum in TBST.  

Slides were imaged with an Olympus IX51 fluorescence microscope. 

Statistical analysis 

2D gel data were analyzed for significance using one-way ANOVA. Post hoc tests were 

performed using Tukey’s test at a significance value of 0.05. For those spots with 
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significantly different hydrophobic ratios compared to WT TG, the mean Sypro Ruby 

intensity and Western blot densitometric analyses were compared between WT TG and 

H46R/H48Q using a student’s t test. Disease onset, early disease, and survival curves 

were compared using the log-rank test (Wilcoxon).  

RESULTS 

Soluble Mutant SOD1 in spinal cord extracts has increased surface hydrophobicity 

In order to assess the global distribution of proteins with altered exposure of surface 

hydrophobicity in the spinal cords of symptomatic ALS mice, the soluble S1 fraction was 

labeled with bisANS and separated by 2D gel electrophoresis (Figure 2.1A). As shown in 

Figure 2.1B spots corresponding to human SOD1 were identified by MALDI-TOF mass 

spectrometry (Table 2.1) and further confirmed by Western blot using unlabeled spinal 

cord extracts as specific for SOD1 (data not shown). These spots specific for SOD1 were 

then quantitated for their bisANS fluorescence and normalized for protein by Sypro Ruby 

in order to determine their hydrophobicity ratio (Figure 2.1B and C). We observed that 

SOD1 separated into multiple spots with different isoelectric points, as previously shown 

by others in unlabeled extracts [149]. SOD1 spot numbers 153, 151, and 149 (Figure 

2.1B&C) showed significant increases in the hydrophobic ratio compared to WT SOD1. 

Increased surface hydrophobicity of mutant SOD1 suggests that it may have increased 

propensities for aggregation and/or toxicity [150].   
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Table 2.1: Protein identification and hydrophobic ratios 
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Figure 2.1: Altered surface hydrophobicity of mutant SOD1 and non-SOD1 proteins in 
the spinal cords of symptomatic ALS mice. 

 
Representative 2D gels of wild type transgenic human SOD1 (WT TG, n = 8) and 

H46R/H48Q (n = 12) with molecular weights (left axis) and isoelectric points  

(pI, upper axis). Spots that significantly differed from WT TG in hydrophobic ratio are 

circled and annotated based on the gene names of their accession numbers identified by 

MALDI-TOF mass spectrometry. B) Enhanced region of 2D gels containing WT SOD1 

and H46R/H48Q mutant SOD1 proteins. BisANS fluorescence and corresponding total 

protein stained with Sypro Ruby are shown. Quantitated SOD1 spots are shown with 

numbered ellipses and correspond to the quantitated hydrophobic ratio shown in C). Bars 

represent the mean hydrophobic ratio +/− standard deviation of 10–8 mice per group. *p 

< 0.05, **p < 0.01 by one-way ANOVA. 
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Figure 2.2: BisANS docking SOD1. 

 

BisANS (blue) docked with WT human SOD1[2C9V] and H46R/H48Q [3GQP]. The 

zinc loop (aa49-84) is colored green, and electrostatic loop (aa121-144) is colored red. 

Amino acids 46 and 48 are colored magenta, copper ions (orange), and zinc ions (green). 

Binding energies are given for bisANS binding sites in kcal/mol. H46R/H48Q possess a 

binding site for bisANS in the metal binding region,whereas holo WT dimeric SOD1 

does not. 

 

Non-SOD1 proteins with altered surface hydrophobicity in soluble fractions of 
spinal cord from H46R/H48Q mice 

Since the toxic gain of function acquired by mutations in SOD1 may also alter non-SOD1 

proteins in the spinal cord, we quantitated the non-SOD1 spots in the bisANS labeled 

extracts separated by 2D gels shown in Figure 2.1. We observed conformational 

alteration in a number of non-SOD1 proteins, and their fold changes in protein level and 

hydrophobicity ratio with respect to non-mutant WT mice were examined (Table 2.1 and 

Figure 2.1).   

We examined one of the non-SOD1 proteins ubiquitin carboxyl hydrolase L1 (UCHL1) 

in more detail, due to its role in maintaining mono-ubiquitin pools and abundance in 
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spinal cord. Changes in UCHL1 surface hydrophobicity were found to correlate with a 

dimeric state in recombinant human UCHL1 separated by size exclusion chromatography 

into monomeric and dimeric states (data not shown). 

 

 

Figure 2.3: Mutant SOD1 and chaperones co-fractionate in the detergent insoluble 
fractions. 

 

Spinal cord extracts were subjected to differential detergent extraction and A) the soluble 

fraction was electrophoresed under reducing and denaturing conditions and stained with 

Coomassie (S1) and P1-P3 fractions were immunoblotted for SOD1 under non-reducing 

or reducing conditions (P1-P3). Asterisks indicate the position of the monomeric SOD1. 

High molecular weight reactivity to the SOD1 antibody was detected in the H46R/H48Q 

extracts but not WT TG (indicated by vertical bar). High molecular weight reactivity to 

SOD1 diminished with addition of a reducing agent, however a band corresponding to 

dimeric SOD1 persisted and is indicated by an arrow. B) Inducible heat shock protein 70 
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and αBcrystallin co-fractionated with mutant SOD1 in the detergent insoluble fractions of 

spinal cord. *p = 0.05, **p = 0.01, Bars represent the mean of 6 mice +/− SD. 

 

BisANS docked to multiple sites around the metal binding region of H46R/H48Q 
SOD1 

In order to investigate possible binding sites of bisANS in WT or mutant SOD1, crystal 

structures of dimeric WT holo human SOD1 [2C9V] and monomeric H46R/H48Q apo 

SOD1 [3GQF] were docked with bisANS (Figure 2.2), as WT holo SOD1 is known to 

exist as a dimer, while H46R/H48Q has been reported to be poorly metallated and can 

exist as a monomer [151, 152]. As shown in Figure 2.2, bisANS (colored blue) had one 

energetically and geometrically favorable binding site between WT SOD1 monomers, but 

H46R/H48Q had multiple possible binding sites around the copper binding (colored 

green) and electrostatic loops (colored red) of SOD1, which have been reported to be 

disordered in H46R/H48Q SOD1[151]. These data were consistent with in situ data 

(Figure 2.1) showing that H46R/H48Q had a greater degree of exposed surface 

hydrophobicity than wild-type, likely due to instability and greater exposure of the metal 

binding region in SOD1.   
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Figure 2.4: Expression of HSF1 and distribution of HSPs in spinal cord. 
 

A) Western blot of HSF1 in spinal cord homogenates from normal and symptomatic 

control mice normalized with HSC70, demonstrating the over-expression of HSF1 in 

H46R/H48QxHSF1 mice compared to H46R/H48Q littermates. B) Spinal cords were 

extracted with detergents of increasing ionic strength as described in the methods. S1 and 

P1-3 extracts were immunoblotted for inducible HSP70 (B) or αB-crystallin (C). 

Asterisks are given at the position of the expected monomeric protein. p is indicated by 

brackets, bars represent the mean of 6 mice +/− SD. 

 

SOD1 and chaperones enriched in detergent insoluble fractions 

In order to determine whether the solubility of mutant SOD1 correlated with the observed 

differences in hydrophobicity, we examined spinal cord extracts for the presence of 

SOD1 by differential detergent extraction (Figure 2.3A). In the Coomassie stained 

soluble S1 fraction, SOD1 migrates as a monomer under reducing and denaturing SDS 

page at 17kDa, and differences in levels of SOD1 between WT TG and H46R/H48Q are 
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affected by both transgene copy number and solubility.  Mutant SOD1 formed high 

molecular weight bands in the P2 and P3 fraction (Figure 2.3A, arrow), and showed high 

molecular weight smearing corresponding to SOD1 (Figure 2.3A, vertical bar and 

asterisk), which was partially resolved by reducing the sample with dTT. In pellet 3, we 

also observed a dramatic increase in the level of chaperones such as HSP70 and αB-

crystallin, suggesting that these chaperones were bound to mutant SOD1 as has been 

shown with other SOD1 mutants[153] (Figure 2.3B).   

 

 

Figure 2.5: Effect of HSF1 over-expression on body weight loss and healthspan of 
H46R/H48Q mice. 

 

H46R/H48Q mice (Solid line) n = 20 and H46R/H48QxHSF1 (dashed line) n = 19.  

A) Beginning at 3 weeks of age, weekly averages of body weight are plotted for the 

survival cohort for WT (green circles), HSF1 (blue squares), H46R/H48Q (red triangles), 

and H46R/H48QxHSF1 (gold triangles). Asterisks indicate significant differences in 

H46R/H48QxHSF1 vs. H46R/H48Q at the *p < 0.05, **p < 0.01, and ***p < 0.001 level. 

B) Disease onset was determined as the time animals reached their maximum 

bodyweight. C) Early disease was defined as a drop of 10% of the mouse maximal weight 

D) disease duration was calculated by subtracting the survival time from disease onset. E) 
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Survival was defined as the point at which animals could not right themselves within 30s 

after being placed on their side. 

 

Figure 2.6: Effect of HSF1 over-expression on mutant SOD1 solubility. 

 
SOD1 in the soluble S1 and detergent soluble fractions P1-P3. Asterisks are given at the 

position of the expected monomeric SOD1. Bars represent an n = 6 +/− SD. 
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Figure 2.7: Anterior horn region of lumbar spinal cord sections from mice at 220days. 

 
Motor neuron choline acetyltransferase (ChAT) positive cells (a-c, arrows) co-localized 

with SOD1 positive staining (d-f, arrows). H46R/H48Q mice exhibited small intracellular 

perinuclear SOD1 reactive punctae (e, arrows), while H46R/H48QxHSF1 tissues had a 

more even intracellular distribution of SOD1 staining (f). This corresponded with 

differences in HSP70 distribution to SOD1 reactive punctae in H46R/H48Q mice (h) 

while in contrast, colocalization with ChAT reactive cells in H46R/H48QxHSF1 mice 

was stronger (i). Scale bar represents 10µm. 
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Effects of over-expression of HSF1 in H46R/H48Qx HSF1 mice 

Because chaperones and HSPs bind to exposed surface hydrophobic domains to assist 

protein re-folding or degradation, mutant H46R/H48Q SOD1 mice were crossed with the 

HSF1+/0 transgenic mice (H46R/H48QxHSF1) in order to determine the effects of HSF1 

upregulation on disease progression of ALS. H46R/H48QxHSF1 were identified by PCR, 

and HSF1 over-expression was verified by Western blot of spinal cord extracts (Figure 

2.4A) in mice at 222days. HSF1 expression in the H46R/H48QxHSF1 symptomatic mice 

was three-fold higher (p=0.0004) in the spinal cord compared to H46R/H48Q and WT 

TG littermates. Soluble levels of chaperones HSP70 (Figure 2.4B) but not αB-crystallin 

(Figure 2.4C) were elevated in the spinal cords of H46R/H48QxHSF1 mice, while levels 

of HSP70 and αB-crystallin were elevated in the P1 and P3 fractions of the spinal cord, 

indicating a more robust HSR in H46R/H48QxHSF1 mice. Differences in HSP70 and 

αB-crystallin could be detected in total homogenates as early as 197d in 

H46R/H48QxHSF1 compared to WT TG controls. Disease progression can be followed 

by weight loss, and has been reported as a reliable marker of healthspan, as well as 

symptom and disease onsets in ALS mouse models. Hence, the body weights for 

H46R/H48Q and H46R/H48QxHSF1 cohorts were followed. H46R/H48QxHSF1mice 

(n=19) maintained body weights significantly better overall when compared to 

H46R/H48Q mouse littermates (n=20) (Figure 2.5A). Disease onset, the period of time 

when mice reached their maximum body weight, was also significantly delayed by over-

expression of HSF1 (p=0.0286, Figure 2.5B). Initiation of early disease was calculated 

for H46R/H48QxHSF1 and H46R/H48Q littermates using body weights as described in 

the Methods. Compared to the H46R/H48Q littermates, the percentage of 
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H46R/H48QxHSF1 mice that underwent early symptoms of the disease was significantly 

delayed (p=0.0317) compared to H46R/H48Q (Figure 2.5C). While overall survival was 

unaffected (Figure 2.5D), survival of the 25th percentile was significantly different 

(p=0.017). Ubiquitous over-expression of HSF1 protected H46R/H48Q against ALS as 

evidenced by their improved body weight retention and delayed disease onset, symptom 

onset, and early survival. Also, over-expression of HSF1 led to a non-significant increase 

(p=0.064) in soluble mutant SOD1 and significantly reduced its levels in detergent 

insoluble fractions by 34% (p=0.027) (Figure 2.6). These data suggest that 

overexpression of HSF1 may have altered the solubility of SOD1 and improved protein 

homeostasis in motor neurons. To examine this, spinal cords were sectioned and the 

lumbar region was examined (Figure 2.7). As shown, the distribution of SOD1 in motor 

neurons was altered by overexpression of HSF1, as choline acetyltransferase (ChAT) 

positive motor neurons contained fewer SOD1 puncta and exhibited a more uniform 

staining for SOD1 in cell bodies compared to H46R/H48Q.  This corresponded to a more 

intense staining for HSP70 in ChAT positive motor neurons compared to H46R/H48Q 

tissues.  Likewise, αB-crystallin staining showed a striking change in its distribution in 

the H46R/H48Q tissues going from a diffuse pattern as seen in WT TG tissues to a more 

punctate nuclear pattern as seen in the large SOD1 positive cell bodies in the 

H46R/H48Q spinal cord (Figure 8). Overexpression of HSF1 appeared to restore this 

shift to resemble the appearance of WT TG. In addition to motor neurons, GFAP positive 

astrocytes also contributed a major portion of the HSP70 and αB-crystallin staining.   

One possible explanation for the restoration of SOD1 solubility in tissues of 

H46R/H48QxHSF1 mice could be explained by enhanced chaperone-mediated turnover 
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of mutant SOD1. Mutant SOD1 has been shown to be degraded by both the proteasome 

and macroautophagy [154]. Since HSF1 could affect induction of macroautophagy, we 

next examined levels of membrane-bound microtubule-associated proteins 1A/1B light 

chain 3A (LC3-II). Levels of LC3-II protein remained elevated in H46R/H48QxHSF1 

mice as observed in H46R/H48Q (Figure 2.9A), while normalized levels of p62 were also 

unchanged by HSF1 overexpression indicating that rates of macroautophagy were not 

affected. The carboxyl terminus of Hsp70 interacting protein (CHIP) is an important co-

chaperone that has been shown to play a role in the polyubiquitination and proteasomal 

degradation of mutant SOD1 when bound to Hsp/Hsc70 [155]. To determine whether 

HSF1 over-expression would enhance CHIP expression, the expression levels of CHIP in 

the spinal cords from H46R/H48QxHSF1 mice were examined by Western blot. Levels 

of CHIP were significantly decreased (p=0.001) following mutant SOD1 over-

expression, likely due to a shift in protein turnover in ALS away from the UPS, which 

was prevented by over-expression of HSF1 (Figure 2.9B).  
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Figure 2.8: Anterior horn region of lumbar spinal cord sections from mice at 220days. 
 

αB-crystallin staining was diffuse throughout WT TG and H46R/H48QxHSF1 tissues 

(d,f) and co-localized diffusely with small SOD1 positive punctae in H46R/H48Q vs. 

H46R/H48QxHSF1 tissues (f, arrows). Strikingly, αB-crystallin staining appeared more 

punctate and localized to cell nuclei of SOD1 expressing cells (e,h, arrows) in 

H46R/H48Q tissues. Scale bar represents 10 µm. 
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 Figure 2.9: Effects of HSF1 over-expression on measures of protein quality control in 
ALS. 

 
Whole spinal cords were homogenized in 2%SDS and immunoblotted for A) LC3-II or 
B) CHIP and normalized with Hsc70. Bars represent an n = 6 +/− SD. 

 

Discussion  

A change in protein surface hydrophobicity can be an important indicator to determine 

alterations in protein structure, and thus indicative of losses or toxic gain of protein 

function. Exposure of protein surface hydrophobicity and disordered regions in proteins 

have been reported to precede aggregation [150], and to be an important intrinsic quality 

of proteins that can determine whether they are aggregation prone or capable of forming 

amyloid using bioinformatic approaches [122]. In addition to intrinsic hydrophobicity, 

proteins expose hydrophobic residues on their surface through post-translational 

modifications, mutations, or oxidative damage, which may not be predicted with 

bioinformatic approaches alone. SOD1 contains a greek key β-barrel which can be 
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exposed or unfold due to SOD1 mutations near the metal binding region, and 

conformation-specific antibodies targeting this site can detect SOD1 in neuronal tissues 

of human familial and sporadic ALS patients [156, 157]. The bisANS related compound 

ANS has similar properties to bisANS and has been used to show that the point in time at 

which amyloidogenic proteins exhibit their greatest toxicity correlates with a surge in 

surface hydrophobicity [158]. Increased surface hydrophobicity of the SOD1 mutant 

studied here in situ and by others has been described using different in vitro techniques 

[119, 120, 128, 151]. In this proteomic study, we have utilized a covalent photolabeling 

approach with the hydrophobic dye bisANS to monitor the surface hydrophobicity of 

mutant SOD1 and other non-SOD1 proteins in the spinal cord of H46R/H48Q mice.  

Consistent with several studies looking at the hydrophobicity of G93A or single 

mutant H46R or H48Q SOD1 using similar hydrophobic dyes in vitro [150, 158], we 

observed alterations and an overall increase in soluble SOD1 surface hydrophobicity of 

previously reported isoelectric species of SOD1 [149] in the H46R/H48Q double mutant 

of SOD1 in situ.  Our in situ analysis of the conformationally altered proteome shows for 

the first time only a fraction of the total SOD1 soluble pool exhibits these properties, and 

that the degree of exposed surface hydrophobicity is varied among isoelectric species of 

SOD1. These differences in surface hydrophobicity are important, and could reflect 

different conformational states that each mutant undergoes in vivo during symptomatic 

stages of ALS, metallation status of the protein [117], or may identify species of SOD1 

that are most toxic. We found that the metal binding region appeared to be the most 

plausible target of bisANS in mutant SOD1 (Figure 3), and this can be confirmed by 
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identification of the specific bisANS incorporation site(s) using mass spectrometric 

methods in future studies.  

The surface hydrophobicity detected by bisANS correlated with the insolubility of 

mutant SOD1 and the presence of high molecular weight species of SOD1 in detergent 

insoluble fractions, which was partially dependent upon disulfide bonds or mixed 

disulfides. While the species of mutant SOD1 detected here with bisANS were soluble 

species, the conformational alterations in SOD1 alluded to by changes in surface 

hydrophobicity may be indicative of toxic gain of function. Interestingly, increases in 

surface hydrophobicity of WT SOD1 as detected by ANS correlate with a gain in SOD1’s 

ability to bind, cleave DNA or RNA, and induce its aggregation [159, 160]. Mutant 

SOD1 has also been shown to display increased binding to neurofilament (NFL) mRNA 

[161], and to alter RNA homeostasis by binding to Hu antigen R and T-cell internal 

antigen 1 (TIA1) related protein [162], two key players in modulating stress granule 

formation and mRNA stability along with TDP-43. However it is unknown whether the 

increased hydrophobicity associated with the SOD1 mutants studied here enhances these 

reported gains of function in SOD1. Further studies are required to elucidate the direct 

impact that increased protein surface hydrophobicity has on toxic gains of function in 

SOD1. Aggregates in spinal cords of ALS patients as well as in the mice used in this 

study have been reported to contain various chaperones such as HSP70 and αB-crystallin 

[153], intermediate filament proteins, and others [163], supporting the idea that 

interventions that enhance proteostasis might be beneficial in ALS.  

Since SOD1 mutations and aggregation are only observed in some ALS cases, 

there is good reason to suspect that the toxic effects of mutant SOD1 may be indirect and 
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involve non-SOD1 proteins. For this reason, we also examined the changes in surface 

hydrophobicity of soluble non-SOD1 proteins in the spinal cords from symptomatic ALS 

mice. We found sixteen non-SOD1 proteins with significantly altered surface 

hydrophobicity, and these could be separated into groups such as energy metabolism, 

cytoskeletal organization, protein quality control, and signaling based upon their reported 

functions.  

Although too numerous to discuss all, a few of the proteins in Table 1 deserve 

some discussion. Several glycolytic proteins are “moonlighting proteins” and perform 

functions outside of glycolysis with implications for neurodegenerative disease [132, 

164]. Changes in surface hydrophobicity in glycolytic enzymes correlate well with 

clinical and experimental observations that defects in energy homeostasis are a common 

feature in subsets of ALS patients [132, 165, 166]. In our study, we detected alterations in 

surface hydrophobicity of several glycolytic enzymes and proteins important in energy 

homeostasis including alpha-enolase, fructose-bisphosphate aldolase C, L-lactate 

dehydrogenase B chain, phosphoglycerate mutase 1, and adenylate kinase 1. 

 Alexander disease is a neurodegenerative disease caused by mutations in the glial 

fibrillary acidic protein (GFAP), leading to aggregates of GFAP and chaperones called 

Rosenthal fibers [167]. We detected significant increases in the surface hydrophobicity of 

GFAP, but whether the changes in GFAP hydrophobicity observed in this study were 

indicative of aggregation in ALS is unknown.  

Defects in protein homeostasis and quality control are hypothesized as important 

mechanisms in neurodegenerative diseases [168]. The constitutive chaperone Hsc70, 

which is involved in several aspects of protein homeostasis, has been shown to bind to 



 

65 

mutant SOD1 via interaction with CHIP to promote mutant SOD1 degradation, and is 

found in spinal cord aggregates from both mice [153] and humans [163]. In this study, 

surface hydrophobicity of Hsc70 in H46R/H48Q was significantly increased compared to 

WT transgenic littermates. This is consistent with the finding that increases in ANS 

binding are associated with thermal denaturation of Hsc70 [169]. Another chaperone, 

peptidyl-prolyl cis trans isomerase A (PPIA) also known as cyclophilin A, is an 

immunophilin that binds cyclosporine A and catalyzes the conversion of peptidyl-prolyl 

bonds from cis to trans. Over-expression of cyclophilin A has been found to protect cells 

from mutant SOD1-induced cell death [170], and to aggregate with Hsc70 and 14-3-3 

gamma in G93A mice [163]. It is plausible that the alterations we observed in surface 

hydrophobicity correlate with these activities of cyclophilin A, although it has not been 

directly tested. 

UCHL1 is an abundant protein in motor neurons, and deletions in the 7th and 8th 

exons cause gracile axonal dystrophy in mice, characterized by motor/behavior 

abnormalities and shortened lifespan [171]. UCHL1 is a monoubiquitin binding protein 

with weak ubiquitin hydrolase activity that may function in maintaining monoubiquitin 

pools [172]. UCHL1 has been shown to form dimers that enhance a ubiquitin-ubiquitin 

ligase activity [173]. In the same study this activity was associated with increased 

aggregation of α-synuclein in a cell model system of PD. Thus, it would appear that 

dimerization of UCHL1 promotes a gain of function activity that is detrimental under 

certain circumstances. In our study, we observed a decrease in surface hydrophobicity of 

UCHL1(Figure 1,Table 1) that correlated with a similar decrease in surface 

hydrophobicity of UCHL1 between monomeric and dimeric forms in vitro (Supplemental 
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Figure 2A and B). These data suggest that in ALS dimerization of UCHL1 is favored. 

Whether decreased surface hydrophobicity of UCHL1 translates into increased ubiquitin-

ubiquitin ligation, or local depletion of the monoubiquitin pool remains to be determined.   

The surface hydrophobicity of the signaling proteins 14-3-3 gamma and zeta 

isoforms were found to be significantly decreased. Originally highlighted in the brain for 

their roles in activating tryptophan and tyrosine hydroxylases, 14-3-3 proteins were later 

proven to have diverse functions mostly as scaffolding proteins, and have been 

implicated in a variety of neurodegenerative diseases [174]. With regards to ALS, 14-3-3 

proteins have been shown to modulate NFL mRNA stability [175] and assist in targeting 

misfolded proteins to aggresomes by linking Bcl-associated athanogene 3 (BAG3) to 

histone deacetylase 6 (HDAC6) [176, 177].  A triple phospho-mimetic mutant 

S58E/S184E/T232E has been linked to decreased bisANS incorporation in purified 

human 14-3-3 zeta [178]. Phosphorylation of Serine 58 in 14-3-3 zeta has been 

characterized as a molecular switch for induction of apoptotic cell death [179]. Therefore, 

in addition to its solubility being affected in ALS mice [163], changes observed in 

surface hydrophobicity of 14-3-3 in this study may be indicative of its phosphorylation.  

Misfolded proteins are associated with exposed surface hydrophobicity, and the 

proteins that we identified with altered hydrophobicity likely represent metastable 

proteins that are easily misfolded during proteotoxic stress. Strikingly, Xu et al recently 

examined proteins that became insoluble in the brains of mice expressing mutant forms 

of amyloid precursor protein[180].  Many of the same proteins that we found misfolded 

here in the spinal cord of ALS mice were also found to be insoluble in the brains of mice 

modeling AD, supporting a connection to the misfolding we have measured using 



 

67 

bisANS and the downstream aggregation process that occurs during proteotoxic stress.  

Misfolded proteins and proteins with exposed hydrophobicity are recognized by 

chaperones on the basis of surface hydrophobicity. Since we observed increases in 

surface hydrophobicity of mutant SOD1 and 16 other non-SOD1 proteins in the spinal 

cord of H46R/H48Q mice, we set out to determine whether over-expression of HSF1 

would be protective against SOD1 mutant-mediated ALS and alteration in proteome 

surface hydrophobicity. As expected, over-expression of HSF1 was detected in the spinal 

cord of H46R/H48QxHSF1 mice by Western blot, and led to an increase in the solubility 

of SOD1. HSF1 over-expression led to a robust induction of HSP70 and αB-crystallin as 

detected in some soluble and insoluble fractions which could be detected as early as 197 

days. However, HSP induction was not able to completely reverse SOD1 aggregation. 

Co-localization of HSPs by immunofluorescence and increased co-fractionation of 

HSP70 and αB-crystallin with SOD1 in insoluble fractions measured here, and the 

observations that these HSPs bound to mutant SOD1 in vivo by others [153] suggests 

they were associated with aggregated SOD1. Immunofluorescence of H46R/H48Q mice 

also detected an increased number of cells with nuclear localized αB-crystallin staining 

and speckles that were absent in double transgenic mice (Figure 2.8e,h). Recently nuclear 

localization of αB-crystallin has been shown to be associated with stress and associates 

with the survival of motor neuron complex[181]. Association of αB-crystallin with alpha 

7 subunits of the 20S proteasome suggest it could also be involved in facilitating turnover 

of bound aggregates [182]. This is supported by the observations that differences in 

protein homeostatic machinery were detected in the UPS associated co-chaperone CHIP, 

but not macroautophagy of H46R/H48QxHSF1 mice. ALS is a multifactorial disorder 
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affecting multiple cell types and physiological phenotypes, and these are reflected in 

transgenic mouse models of ALS[183]. H46R/H48QxHSF1 maintained a 3-fold increase 

in HSF1 expression throughout the study, which led to retention in body weight and 

delay in disease onset, early disease, and survival of the 25th percentile with exception of 

overall survival of the experimental cohorts (Figure 2.5). Motor neuron death is an early 

event in the disease process, and are responsible for the timing and early symptoms in 

ALS [184], while astrocytes[185] and microglia[186] are responsible for disease 

progression suggesting that HSF1 over-expression had a primarily beneficial effect on 

motor neurons, but not on astrocytes or microglia.   

CONCLUSION  

We show that changes in surface hydrophobicity as detected by bisANS relate to 

important gains or losses of function in soluble SOD1 and the non-SOD1 proteins we 

identified. Importantly, this study demonstrates that soluble fractions of mutant SOD1 are 

indeed misfolded and exhibit increased surface hydrophobicity, which correlates with the 

insolubility of mutant SOD1 and may be indicative of toxic gain of function.  In future 

studies, mapping the bisANS incorporation sites to the isoelectric species of mutant 

SOD1 and the other non-SOD1 proteins that were altered will enable these domains to be 

targeted in order to determine their possible roles in ALS. Furthermore, the bisANS 

fluorescent-based assay used here can be applied as part of a high-throughput screening 

approach to identify compounds/drugs that interfere with the exposure of hydrophobic 

surfaces of metastable proteins or prevent aggregation. Over-expression of HSF1 was 

associated with maintenance in bodyweight, delayed disease onset, progression, and early 

survivorship. These data indicate that there is a functional and survival benefit to over-

expression of HSF1 and enhancing the heat shock response, and validates therapeutic 
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strategies aimed at activating HSF1 for ALS models. This is the first study to 

demonstrate that over-expression of full-length HSF1 is beneficial in ALS, and further 

shows that increasing HSF1 protein may be an additional strategy to activate HSF1 rather 

than by inducing proteotoxic stress or inhibiting HSP90. (This chapter contains 

previously published work in [109]) 
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Chapter 3 Overexpression of heat shock factor 1 maintains TAR DNA 

binding protein 43 solubility via induction of inducible heat shock 

protein 70 in cultured cells 

INTRODUCTION  

TDP-43 is a 43-kDa nuclear protein that contains two RNA recognition motifs 

(RRM1 and 2) and a C-terminal disordered region, and ubiquitinated inclusions 

containing TDP-43 are detected in the cytoplasm and nucleus of both neurons and glial 

cells in TDP-43 proteinopathies such as amyotrophic lateral sclerosis (ALS) and a subset 

of frontotemporal dementia (FTD) [59, 67]. Mutations in the C-terminal region are 

genetically linked to a subset of ALS cases [187]. Histologically, TDP-43 is mislocalized 

and depleted from its nuclear location to the cytoplasm in 97% of ALS cases, 51% of 

FTD, and 57% of Alzheimer’s disease , where it accumulates and is proteolytically 

cleaved to form C-terminal fragments [188-190]. Studies depleting TDP-43 in cells and 

animal models have shown a substantial impact on mRNA splicing as well as proteomic 

signatures, supporting a loss of function role for TDP-43 toxicity [62, 191, 192]. 

Meanwhile, the presence of TDP-43 (full length), C-terminal fragments (CTF), and 

higher molecular weight TDP-43 species are found in the detergent insoluble fraction of 

brains and spinal cords of patients with TDP-43 proteinopathies[67], and could possibly 

spread in a  non-random fashion in a prion-like manner[193], supporting a gain of 

function mechanism of toxicity. Various studies have shown that caspase-mediated 

processing represents one of the mechanisms of generating the TDP-43 fragments [194-

196]. The roles of these CTFs (25 and 35kDa) in TDP-43 pathogenesis have been 
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investigated. Accumulation of CTFs causes cognitive deficits in a TDP-43 mouse 

model[73] and in vitro it forms cytoplasmic aggregates and is toxic[197]. Irrespective of 

whether a loss of function or gain of function mechanism is driving toxicity, maintaining 

TDP-43 solubility remains an essential therapeutic target, and systems that 

eliminate/reduce insoluble neurotoxic TDP-43 species address both possible mechanisms, 

and could alleviate pathogenesis or decrease the spreading of the disease. 

Due to the importance of protein homeostasis in various neurodegenerative 

diseases much focus has been placed on the regulation of HSP expression as a therapeutic 

strategy for protein conformational diseases[198]. To contend with protein misfolding the 

cell recruits HSPs to assist in refolding misfolded proteins, catalyze solubilization, or 

eliminate misfolded proteins via interaction with two major pathways of protein 

degradation the Ubiquitin Proteasome System (UPS) or macroautophagy. HSPs consist of 

families of proteins classified by their molecular weight and are up regulated in cells 

during times of stress. Because motor neurons have a high threshold for activation of 

HSP genes and depend on peripheral HSPs produced by the neighboring cells, such as 

astrocytes, they are more susceptible to stress[199]. 

Previously, we have shown that overexpression of heat shock factor 1(HSF1), the 

master transcription factor for HSPs has protective effects in ALS and AD mouse models 

[109, 143]. HSF1 increased the solubility of mutant SOD1 concomitant with delayed 

disease onset[109], and amelioration of AD-like cognitive impairment, respectively[143]. 

Other studies have shown that multiple HSPs are responsible for TDP-43 homeostasis 

and metabolism. For example, Jackrel et al engineered HSP104/105 from yeast that 

solubilizes TDP-43 aggregates and prevents TDP-43 associated toxicity[200]. HSP90 has 
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been shown to be important in TDP-43 turnover via its co-chaperone Cdc37 [201], and 

HSP70 and its co-chaperone HSP40 are constitutively bound to TDP-43 and interact with 

its disordered C-terminus and are important in preventing TDP-43 aggregation [202]. 

Therefore, since multiple HSP’s regulate TDP-43 homeostasis, an attractive target to 

affect global TDP-43 homeostasis may be HSF1, which drives the expression of these 

HSPs and many others. Along these lines, other studies have demonstrated that 

pharmacologic activation of HSF1 can protect against the aggregation and toxicity of 

exogenously expressed TDP-43 fragments or transgenes[203], however these small 

molecules operate by inducing proteotoxic stress themselves, typically by inhibiting 

HSP90, which have been shown to disrupt HSP90:TDP-43 interactions[201] as well as 

many other HSP90 clients. Therefore, we sought to investigate the role of enhancing 

HSF1 via overexpression without the use of pharmacologic activators in an effort to 

elucidate its role in maintaining TDP-43 solubility and maintaining its homeostasis. 

Importantly, arimoclomol an HSF1 co-activator that amplifies the HSR without causing 

proteotoxic stress is currently in phase II/III trials for treatment of ALS patients bearing 

SOD1 mutations [135] and one of the effects of riluzole, the only FDA approved drug to 

treat ALS has been shown to increase latent HSF1 levels and enhance heat shock 

response[204]. 

In our study, we investigate the role of HSF1 in TDP-43 homeostasis. We show a 

robust heat shock response to TDP-43 overexpression in human HSF1 overexpressing 

mouse embryonic fibroblasts (HSF1+/- MEF) as determined by increases in HSP70 and 

90 protein levels. We see that HSF1 prevents the accumulation of TDP-43 positive 

puncta. In addition, we show that HSF1 prevents the transition of TDP-43 from a soluble 
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to insoluble state. We show that HSF1 prevents the accumulation of pathogenic TDP-43 

fragments and protects against their toxicity. We confirmed this by demonstrating that 

HSF1 and/or HSP70 ATPase inhibition exacerbated TDP-43 insolubility, and that genetic 

knockout of HSF1 accelerated TDP-43 fragmentation as well as significantly decreased 

its solubility, indicating that HSF1 and its transcriptional targets play an important role in 

preserving TDP-43 solubility and proteostasis.  

METHODS 

Neuroblastoma Cell Culture  

Undifferentiated SH-SY5Y cells were cultured in Dulbecco's modified Eagle's medium 

(DMEM/F12 50/50) supplemented with 10% fetal bovine serum, 1% penicillin-

streptomycin. Cells were transfected with a human non-mutant heat shock factor 1 cDNA 

in a pCMV-AC vector (2.5µg HSF1 SC321225, Origene) using lipofectamine 2000 

reagent (Invitrogen) in a 1:3 DNA:lipofectamine ratio according to manufacturer's 

instructions. HSF1 transfected cells were selected using G418 (400µg/mL) selection 

agent (Cellgro). Stably transfected HSF1 overexpressing cells (HSF1-SH-SY5Y) were 

treated with 10µM MG132 (Sigma-Aldrich) for 6, 12, or 24 hours or with DMSO as a 

control for transfected and non-transfected cells. In some experiments, cells were pre-

treated with 10µM N2-(1H-indazole-5-yl)-N6-methyl-3-nitropyridine-2,6-diamine 

(KRIBB 11) an HSF1 inhibitor (Calbiochem) for 30 minutes and then treated with 10µM 

MG132 for 24hrs and compared to cells treated with 10µM MG132 alone. For HSP70 

inhibition experiments, cells were treated with 10µM 5'-O-[(4-Cyanophenyl)methyl]-8-

[[(3,4-dichlorophenyl)methyl]amino]-adenosine (VER 155008), an HSP70 inhibitor 

(TORCIS bioscience) and then 10µM MG132 for 24hrs, and compared to cells treated 
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with 10µM MG132 alone. To assess ubiquitin proteasome activity, SH-SY5Y cells were 

stably transfected with ubiquitin-arginine-GFP (Ub-R-GFP) and ubiquitin-methionine-

GFP (Ub-M-GFP in a pN1 vector[11] using the same conditions as above. For celastrol 

experiments, cells were treated with 0.1µM celastrol for 1hr and allowed to recover for 

5hrs, followed by treatment with 10µM MG132 for 6 and 24hrs. 

 

Primary Mouse Embryonic Fibroblast (MEF) Cells 

MEFs were obtained from neonatal mouse skin and tails, 1–3 days of age as 

described[138]. Briefly, skin and tails were digested in DMEM/F12 50/50 plus 10%FBS 

plus collagenase overnight in a petri dish at 37°C. Cells were dislodged by pipetting up 

and down from skin and tail, centrifuged at 500g and resuspended in DMEM/F12, 

counted, and plated in a T-75 flask. MEFs were obtained from both wild-type (C57Bl/6J 

background) and human HSF1 overexpressing mice that were derived on a C57Bl/6 

background and described previously, [138]. Briefly, mice overexpress human HSF1 

mRNA and protein with its endogenous promoter in all tissues 2-4 fold above 

endogenous mouse Hsf1. MEF experiments were performed with passage 1–3 cells. 

MEFs were seeded in 6-well plates at 0.25 x 106/well and transfected with 2.5µg wild-

type human TDP43 with tdTOMATOHA tag constructs [205] using lipofectamine 2000 

(Invitrogen). HSF1 Knockout (HSF1-/-) MEFs were a kind gift of Benjamin Ivor, Medical 

College of Wisconsin[206] and were treated with 10 µM MG132 (Sigma-Aldrich) for 6 

or 12 hrs. 

Immunofluorescence Studies 
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MEFs were seeded onto glass coverslips at 0.25 x 106 cells/well in 6-well dishes and then 

transfected with wtTDP-43 tdTOMATOHA using lipofectamine. After 12hrs cells were 

washed and fixed in 2% paraformaldehyde in phosphate buffered saline (PBS). Cells 

were mounted on microscope slides using vectashield-mounting medium with DAPI 

(Vectorlabs Burlingame, CA). Human control and AD tissues were acquired from the 

Oregon Brain Bank. Tissues were sectioned on a cryostat at 10µm thickness, fixed and 

stained with HSP70 (Stressgen SPA-810, RRID# AB_2039260) at 1:50, rabbit anti-TDP-

43 (C-terminal) polyclonal antibody (T1580, Sigma Aldrich RRID#: AB_2532125) at 

1:50 and antibody signals were detected using secondary goat anti-mouse Alexa 488 

(Invitrogen RRID#: AB_10566286) at 1:100 and rabbit Alexa 594 1:100 (Invitrogen, 

RRID#: AB_10561549). Lipofuscin fluorescence was blocked by a subsequent 

incubation in 0.1% solution of Sudan Black for 10 minutes prior to mounting.  

Cells and tissues were imaged using Olympus wide field fluorescence microscope. Post-

processing including uniform contrast and brightness adjustments performed equally 

across all comparative images. Puncta associated with tdTOMATO fluorescence were 

quantitated using Image J.  

Cell Lysate Collection and Preparation 

After wtTDP-43 tdTOMATOHA transfection, MEFs were washed with cold PBS, and 

scraped in cold RIPA buffer with 5% SDS plus phosphatase inhibitor cocktail 2 (Sigma) 

and protease inhibitor cocktail set 1 (Calbiochem). For celastrol experiments, cells were 

washed with cold PBS and scraped in cold RIPA buffer with 2% SDS. For both 

experiments, cell lysates were sonicated and protein concentration was determined by the 

bicinchoninic acid (BCA) assay (Pierce). Equal amounts of protein (50µg/sample) were 
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resolved on 15% SDS-PAGE. The following antibodies were used; mouse anti-GFP 

1:3000 (Pierce Thermo, MA5-15256 RRID# AB_10979281), rabbit anti-ATG7 1:10000 

(abcam, ab133528, RRID#: AB_2532126), rabbit anti-LC3B 1:1000 (Thermo Scientific 

Pierce, PA5-17224 RRID# AB_10987450), HSP90 1:10000 (Stressgen, SPA-846 RRID# 

AB_1659604), HSP70 1:10000 (Stressgen, SPA-810 RRID# AB_2039260). Antibody 

signals were detected with IRDye 680LT 1:15,000 (LiCor, Cat#926-68020 RRID# 

AB_10706161) or IRDye 800CW 1:20,000 (LiCor, Cat#926-32211 RRID# AB_621843) 

conjugated secondary antibody using an odyssey imager (LI-COR).  

 

 

Table 3.1: List of antibodies used for experiments 

 

 

Differential Detergent Fractionation 

After treatment with MG132, MEFs and SH-SY5Y cells were scraped in cold PBS, 

pelleted, and lysed in RIPA buffer. Cell lysates were centrifuged at x 100 000g for 30 
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min at 4 °C. Supernatants were collected as the RIPA soluble fraction. The resulting 

pellets were washed with RIPA buffer by sonication and centrifugation at x 100 000g for 

30 min at 4 °C. RIPA insoluble pellets were then dissolved in urea buffer (7 M urea, 

2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5), and centrifuged at x 100 000g for 30 

min at 22 °C and the RIPA-insoluble supernatant was collected. The protein 

concentration of the RIPA soluble fraction was determined by bicinchoninic acid (BCA) 

assay (Pierce). Equal amount of RIPA-soluble protein (50µg/sample) and equal volume 

of RIPA-insoluble fraction were resolved by 15% SDS-PAGE and transferred to PVDF 

membranes (Bio-rad). Following transfer, PVDF membranes were blocked in 5% 

powdered milk and incubated with the following antibodies overnight at 4°C; rabbit anti-

TDP-43 C-terminal specific polyclonal antibody (T1580, Sigma Aldrich RRID#: 

AB_2532125), mouse anti-HSP70/HSP72 1: 5000 (Stressgen SPA-810 RRID#: 

AB_2039260), rabbit anti-caspase-3 1:200 (Santa Cruz, sc-7148 RRID#: AB_637828), 

mouse anti-alpha tubulin 1:10,000 (Iowa bank, 12G10 RRID#: AB_528498). Antibody 

signals were detected with IRDye 680LT (1:15,000) or IRDye 800CW (1:20,000) 

conjugated secondary antibody using an odyssey imager (LI-COR).  

Antibody Characterization 

Please see Table 1 for a list of all antibodies used.  

Anti-HSP70 antibody recognized the expected molecular weight (~70kDa) and anti-

HSP90 antibody recognized the expected molecular weight (~90kDa) on western blots 

from MEFs (Pierce et al. 2010). HSF1-/- MEFs showed no induction of HSP70 after 

MG132 stress. In SH-SY5Y cells treatment with HSF1 inhibitor showed reduction in 

HSP70 and HSP90 bands as expected. Anti-GFP antibody detects expected 26kDa band 
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(Dantuma et al. 2000). No bands were detected in control cells that were not transfected 

with ub-R-GFP construct. A significant increase in the GFP band was detected after 

proteasome inhibition in ub-R-GFP stable-expressing SH-SY5Y cells treated with 

proteasome inhibitor MG132. Anti-ATG7 antibody recognized a band at 75kDa 

molecular weight (manufacturer’s datasheet). Anti-LC3B antibody recognized bands at 

~14 and 16kDa molecular weights and shows a pattern of expected decrease in band size 

with MG132 treatment. Anti-TDP-43 (C-terminal) antibody recognized TDP-43 at 

~43kDa in both MEFs and SH-SY5Y cells. As expected, the C-terminal specific TDP-43 

antibody recognized C-terminal 35kDa and 25kDa fragments produced after MG132 

treatment. The anti-caspase-3 antibody recognized two bands p11 and p20 bands 

(manufacturer’s datasheet) 

Statistical Analysis 

Data were expressed as mean ± SEM. Evaluation of differences within two 

groups were evaluated by Student’s t-test using IBM SPSS statistics version 20.0 (SPSS, 

Inc., Armonk, NY). Difference were considered statistically significant at values of p 

<0.05 

 

RESULTS 

Enhanced heat shock response to TDP-43 overexpression 

To assess whether HSF1 overexpression affects the heat shock response to TDP-

43 overexpression, we utilized MEF’s from HSF1+/0 mice which overexpress a native 

human HSF1 roughly 4-fold that is not constitutively active[138]. We transfected 

HSF1+/0 MEFs with human TDP-43 tagged with the fluorescent protein TdTomato. TDP-
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43 overexpression alone had no effect on HSP70 (Figure 3.1A) and HSP90 (Figure 3.1B) 

protein levels in wild-type MEFs 12hrs post TDP-43 transfection compared to non-

transfected MEFs. In contrast, there was a significant induction of HSP70 (Figure 3.1A) 

and HSP90 (Figure 3.1B) in HSF1+/0 MEFs at 12hrs post TDP-43 transfection compared 

to non-transfected HSF1+/0 MEFs. We observed a 2 and 1.5 fold induction of HSP70 

(Figure 3.1A) and HSP90 (Figure 3.1B) in HSF1+/0 MEFs compared to WT MEFs at 

12hrs post TDP-43 transfection, respectively (Figure 3.1). Eventually at 24 hours, WT 

MEFs responded to TDP-43 overexpression through significant induction of HSP70 and 

90. This demonstrates that WT cells are somewhat refractory to a TDP-43 overexpression 

induced heat shock response, and shows that HSF1 sensitizes cells to TDP-43 stress, 

however it is unknown whether overexpression of HSF1 altered TDP-43’s propensity to 

aggregate. 

 

Figure 3.1: Induction of HSPs. 

Induction of HSPs. Primary mouse embryonic fibroblasts from human HSF1-

overexpressing mice (HSF1+/0 MEFs) and WT MEFs (as controls) were transfected with 

tdTomato-tagged human WT TDP-43. A: Immunoblot for HSP70 and HSP90 at 12 and 
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24 hr post-transfection compared with controls. Bars represent mean ± SEM; n ≥ 9 per 

group. *P < 0.05; n.s., not significant. 

HSF1 overexpression prevents formation of TDP-43 puncta and maintains its 
solubility 

Because overexpression of wild-type TDP-43 has been shown to model TDP-43 

pathology in vitro [205], we analyzed transfected cells for TDP-43 positive puncta. At 

12hrs post TDP-43 transfection TDP-43 positive puncta were observed in WT, however 

HSF1 overexpression led to a significant (p<0.05) 2.5-fold reduction in TDP-43 positive 

puncta in HSF1+/0 MEFs compared to WT MEFs (Figure 3.2).  

The proteasome inhibitor MG132 has been shown to drive the accumulation of TDP-43 

into stress granules and cytosolic inclusions and promote fragmentation of the TDP-43 C-

terminus [195, 207]. In order to determine whether HSF1 had an effect on stress-induced 

accumulation of detergent insoluble TDP-43 in un-differentiated SH-SY5Y cells, we 

developed a stable line of HSF1 overexpressing SH-SY5Y cells and treated them with 

MG132. Western blot data showed that treatment of SH-SY5Y cells with 10µM MG132 

caused a significant reduction in the level of TDP-43 soluble in 0.1% SDS RIPA buffer 

compared to the non-treated cells (Figure 3.3A). To test whether HSF1 was responsible 

for maintaining the solubility of TDP-43, we treated SH-SY5Y cells with the HSF1 

inhibitor KRIBB II (N2-(1H-indazole-5-yl)-N6-methyl-3-nitropyridine-2,6-diamine) 

which impairs the recruitment of elongation factors needed to promote HSP gene 

expression[208], and inhibits the induction of HSP70 in response to MG132 (Figure 

3.3B). Pre-treatment with 10µM KRIBB II followed by 10µM MG132 significantly 

reduced RIPA soluble TDP-43 compared to MG132 alone, and a 2-fold reduction 
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compared to non-treated cells (Figure 3.3C). To corroborate the above results, we treated 

HSF1 knockout (HSF1-/-) MEFs with 10µM MG132 for 6hrs and 12hrs. We first 

examined the heat shock response to MG132 stress. We show that HSP70 induction was 

prevented in HSF1-/- MEFs even after 12hrs of MG132 treatment (Figure 3.3D). We then 

investigated the effect of HSF1 knockout on TDP-43 solubility, and show that TDP-43 

solubility was not altered in HSF1-/- MEFs alone (Figure 3.3D), but when HSF1-/- MEFs 

were treated with MG132 we observed a significant (p<0.05) 1.5-fold reduction in RIPA 

soluble TDP-43 compared to WT MEFs treated with MG132 at 6hrs (Figure 3.3D). At 

12hrs post MG132 treatment we see significant (p<0.01) 13-fold reduction in RIPA 

soluble TDP-43 in HSF1-/- MEFs compared to WT MEFs (Figure 3.3D) and even observe 

soluble 35kDa and 25kDa fragments of TDP-43.  

 

Figure 3.2: Reduction of TDP-43-positive puncta. 

 
WT and HSF1+/0 MEFs were transfected with a wtTDP-43 tdTomato HA construct. Cells 

were fixed in 2% paraformaldehyde 12 hr posttransfection. Left: Fluorescence 

microscopy images of tdTomato-tagged TDP-43-transfected cells show positive puncta 

(red, arrows); DAPI was used to stain cell nuclei (blue). For the inset images, a region of 

the cytosol was enlarged, and the intensity was uniformly and linearly increased by 100% 
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to show cytosolic features. Right: ImageJ was used to quantify TDP- 43 puncta per cell. 

Bars represent mean ± SEM; n= 26 cells per group. *P < 0.05.  

 

HSF1 prevents accumulation of insoluble TDP-43 fragments 

Accumulation of detergent soluble and insoluble fragments has been shown to 

contribute to the pathogenicity of TDP-43 in vitro and in vivo. MG132 has been shown to 

trigger TDP-43 fragmentation and activation of caspase-3 [195, 207]. To investigate 

whether HSF1 prevents the accumulation of TDP-43 fragments we examined the levels 

of TDP-43 fragments in the detergent insoluble (urea soluble) fraction after MG132 

treatment in HSF1 overexpressing SH-SY5Y cells compared to control. At basal levels, 

we see a significant reduction in TDP-43 35kDa fragments (TDP-35) in the HSF1 SH-

SY5Y cells compared to controls in the urea fraction (Figure 3.4A). A significant 10-fold 

increase in TDP-35 fragment was seen in SH-SY5Y cells treated with 10µM MG132 

compared to non-treated, but no increase in TDP-35 was observed in treated versus non-

treated HSF1 SH-SY5Y cells (Figure 3.4A).  

Conversely, we see the accumulation of both TDP-35 and TDP-25 fragments in 

MG132 treated HSF1-/- MEFs in the RIPA soluble fraction (Figure 3.3A) and in the urea 

fraction compared to control (Figure 3.4B). In aggregate, the distinct comprehensive 

effects of HSF1 on the soluble and insoluble pools of TDP-43 and its fragments in 

response to MG132 with time are shown in SH-SY5Y cells overexpressing HSF1 (Figure 

3.4C) and in HSF1-/- MEFs (Figure 3.4D). We show that HSF1 overexpressing SH-SY5Y 

cells treated with 10µM MG132 had a significantly lower level of cleaved caspase-3 

(Figure 3.4E), suggesting that HSF1 overexpression might be cytoprotective. 
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Figure 3.3: HSF1 maintains TDP-43 solubility 

 

Western blot of TDP-43 (C-terminal specific antibody) from the RIPA-soluble fraction. 

A: SH-SY5Y and SH-SY5Y cells transfected with human HSF1were treated with 10 µM 

proteasome inhibitor MG132 for 24 hr. B,C: SH-SY5Y cells were treated with 10 µM 

HSF1 inhibitor KRIBB11 for 30 min or DMSO, followed by 10 µM MG132 for 24 hr, 

and immunoblotted for HSP70 (B) or TDP-43 (C). D: WT and HSF1–/– MEFs were 

treated with MG132 for 6 and 12 hr and immunoblotted for TDP-43 or HSP70. All cell 

lysates were dissolved in 0.1% SDS RIPA buffer and centrifuged at 100,000g. All 

immunoblots show endogenous RIPA-soluble TDP-43 with a C-terminal-specific 

antibody. Bars represent mean ± SEM; n=3 per group. *P < 0.05, **P < 0.01, ***P < 

0.001; n.s., not significant. 
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Figure 3.4: HSF1 prevents accumulation of insoluble TDP-43 fragments. 

 
Western blot of TDP-43 (C-terminal-specific antibody) from the RIPA-insoluble fraction. 

A: SH-SY5Y cells overexpressing human HSF1 were treated with 10 µM MG132 for 24 

hr. B: HSF1–/– and WT MEFs were treated with 10 µM MG132 for 6 and 12 hr. Cell 

lysates were collected in 0.1% SDS RIPA buffer and centrifuged at 

100,000g. The insoluble pellets were washed twice in 0.1% SDS RIPA buffer and 

dissolved in 7 M urea, 2 M thiourea, and 2% CHAPS and centrifuged at 100,000g 

(supernatant was collected as urea fraction). C,D: C-terminal TDP-43-specific bands at 

43 and 35 kDa in the soluble and insoluble fractions were immunoblotted in the same 

detection 

antibody and quantitated and expressed as a percentage of the total TDP-43 signal. 

Graphs show all TDP-43 species for both RIPA-soluble and RIPA-insoluble fractions 

from nontransfected control SH-SY5Y (WT) and HSF1–SH-SY5Y (C) and WT and 
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HSF1–/– MEFs after 10 µM MG132 treatment (D). E: Cleaved caspase-3 immunoblot in 

HSF1 

transfected SH-SY5Y cells treated with 10 µM MG132 for 24 hr. Bars represent mean ± 

SEM; n=3 per group. *P < 0.05, **P < 0.01; n.s., not significant, Student’s t-test. 

 

HSF1 protects against TDP-43 toxicity and proteotoxic stress 

To determine if HSF1 activation protects against toxicity induced by TDP-43 C-

terminal fragments (CTF) as described previously we transfected SH-SY5Y cells with a 

TDP-43 CTF (a.a. 216- 414) fused with EGFP (CON4) following pre-treatment with 

0.1µM celastrol to activate HSF1. Our results show that HSF1 activation prevented cells 

from undergoing early and late apoptosis as detected by PI/annexin-V double staining 

using flow cytometry (Figure 3.5A&B). These findings were also supported by observing 

a significant reduction in toxicity after MG132 treatment in HSF1 overexpressing SH-

SY5Y cells compared to control non-treated cells (Figure 3.5C). 
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Figure 3.5: HSF1 protects against CTF-induced toxicity. 
 

HSF1 was pharmacologically activated by treating SH-SY5Y cells with 0.1 µM celastrol 

for 1 hr, and cells were allowed to recover for 5 hr. Cells were then transfected with 

EGFP-tagged TDP-43 CTF (Con4). A: Cells were fixed after 48 hrs and sorted by 

fluorescent-activated cell sorting. Propidium iodide and annexin V double staining were 

used to detect apoptotic cells, and their proportions are displayed (B). C: Lactate 

dehydrogenase assay was used to measure cell toxicity in HSF1-transfected SH-SY5Y 

cells treated with 10 µM MG132 for 12 hrs. Bar represents mean ± SEM; n = 3 per group. 

*P < 0.05. 

 

HSF1 activation does not enhance global protein turnover following proteasome 
inhibition 

Next, we wanted to investigate the mechanism of HSF1 mediated protection 

against stress-induced insolubility of TDP-43. Accumulation of TDP-43 into ubiquitin-

positive inclusions in ALS and FTLD brains have implicated the ubiquitin proteasome 

system UPS in TDP-43 degradation or pathogenesis [209, 210]. We used a GFP reporter 

system that allows us to quantify global rates of UPS proteolysis[11]. Two constructs that 

have ubiquitin fused to GFP (Ub-R-GFP and Ub-M-GFP) were used to develop a stable 

line in SH-SY5Y cells. Upon ubiquitin cleavage Ub-R-GFP is rapidly degraded by the 

proteasome, but not Ub-M-GFP[11]. Stably transfected SH-SY5Y cells were pretreated 

with 0.1µM celastrol and then MG132 for 24hrs. MG132 led to significant accumulation 

of the Ub-R-GFP reporter, however no difference in GFP protein levels was detected in 
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cells pre-treated with 0.1µM celastrol and MG132 compared to MG132 alone (Figure 

3.6A). Autophagy has been suggested to play a role in TDP-43 homeostasis [211, 212] 

and HSF1 has been shown to upregulate ATG7, a key regulator of macroautophagy 

[213]. To test whether HSF1 protects against proteasome inhibition by activating 

macroautophagy we first pretreated SH-SY5Y cells with 0.1µM celastrol and then 10µM 

MG132 and measured the protein levels of microtubule-associated protein light chain 3 

(LC3-I & LC3-II) (Figure 3.6B). We see a significant up-regulation of LC3II protein 

levels after 10µM MG132 treatment compared to control non-treated cells. However, we 

show that LC3II levels were significantly reduced in cells pretreated with celastrol 

followed by MG132 compared to MG132 only, indicating that HSF1 activation blunts the 

induction of autophagy induced by MG132. No significant differences were detected in 

either ATG7 levels between celastrol treated vs. MG132 treated alone (figure 3.6C), or in 

p62 levels (data not shown) indicating that upregulation of autophagy or autophagic flux, 

respectively are not mechanisms of protection being offered by HSF1 in the context of 

MG132, and that HSF1 activation is more preventive than restorative in this model.  
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Figure 3.6: HSF1 activation does not increase global UPS activity and reduces 
induction of autophagy. 

 

Ub-R-GFP stably transfected and nontransfected SH-SY5Y cells were pretreated with 0.1 

µM celastrol for 1 hr and allowed to recover for 5 hr. Cells were then treated with 10 µM 

MG132 for 24 hr and harvested for immunoblot. A: Immunoblot for GFP at 6 hr. B: 

Immunoblot for LC3-II normalized by α-tubulin. C: Immunoblot for ATG7. Bars 

represent mean ± SEM; n = 3.  

*P < 0.05, **P < 0.01; n.s., not significant. 

 

HSP70 is a major contributor to HSF1 mediated TDP-43 proteostasis 

We have shown that HSP70 induction during TDP-43 stress is more sensitive in 

cells overexpressing HSF1 compared to WT cells (Figure 3.1). To confirm that HSP70 

plays a significant role in maintaining TDP-43 solubility we treated SH-SHY5Y cells 
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with 10µM VER155008 a known HSP70 ATPase inhibitor. First we show that 

VER155008 alone does not affect TDP-43 solubility (Figure 3.7A) but when SH-SY5Y 

cells are treated with both MG132 and 10µM VER155008 we see a significant reduction 

in RIPA soluble TDP-43 compared to MG132 alone, and a further decrease compared to 

control non-treated cells (Figure 3.7A).  

Conversely, we see a significant increase in TDP-43 in the urea fraction in SH-

SY5Y cells treated with both VER155008 and MG132 compared to MG132 alone 

(Figure 3.7A). Surprisingly, we did not detect any difference in the urea soluble 35kDa 

TDP-43 fragment (Figure 3.7A). To assess the potential clinical relevance of the 

relationship between HSP70 and TDP-43, we examined the colocalization of HSP70 with 

TDP-43 pathology in cortical layers II/III of AD patients compared to age-matched 

controls. Using immunofluorescence microcopy we show the presence of TDP-43 

positive puncta and co-localization of HSP70 with TDP-43 pathology in AD tissues 

compared to control (Figure 3.7B). 
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Figure 3.7: HSP70 inhibition reduces TDP-43 solubility and colocalizes with TDP-43 
pathology in human AD cortex. 

 

Western blot of TDP-43 (C-terminal-specific antibody) from the RIPA-soluble and -

insoluble fraction (urea fraction). SH-SY5Y cells were treated with 10 µM VER155008, 

an HSP70 inhibitor, and then with 10 µM MG132 for 24 hr. Cell lysates were dissolved 

in 0.1% SDS RIPA buffer and centrifuged at 100,000g, and the supernatant was collected 

as the RIPA-soluble fraction. Pellets were washed twice with 0.1% SDS RIPA buffer and 

then dissolved in 7 M urea, 2 M thiourea, and 2% CHAPS and centrifuged at 100,000g. 

Supernatant was collected as RIPA-insoluble (urea) fraction. A: Immunoblot for TDP-43 

of 0.1% SDS RIPA-soluble fraction. In graph, bars represent mean ± SEM; n = 3. **P < 

0.01. B: Immunofluorescence staining shows TDP-43- and HSP70-positive cells in layer 

II/III of cortex from control or AD brain.  
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DISCUSSION  

We have previously shown that human HSF1 overexpressing mice (HSF1+/0) have 

an enhanced heat shock response[138], are protected against AD-like memory deficits 

[143], and show delayed disease onset in an ALS mouse model [109] that correlated with 

an increase in HSPs (such as HSP70) at the protein level. This study shows that 

enhancing HSF1 without pharmacologically inducing proteotoxic stress is protective 

against TDP-43 induced aggregation and toxicity in a human neuronal–like system. 

Using different cellular models that overexpress a non-mutant human HSF1 transgene, 

we demonstrate that HSF1 overexpression lowers the threshold of the heat shock 

response to TDP-43 overexpression and concurrently prevents the accumulation of TDP-

43-positive puncta in response to TDP-43 overexpression or MG132 induced proteotoxic 

stress (Figure 3.1 and 3.2). Although we have not confirmed that these puncta are 

exclusively TDP-43 aggregates, previous studies have shown that the presence of TDP-

43 during stress in cytoplasmic foci or stress granules could become pathogenic 

seeds[214]. Insoluble TDP-43 has been shown to have prion-like properties and can 

aggregate in a self-templating manner [198]. The current data indicates that HSF1 

enhances the heat shock response to prevent the stress-induced transition of detergent 

soluble TDP-43 to detergent insoluble TDP-43 (Figure 3.3). The results suggest that the 

mechanism by which HSF1 protects against TDP-43 insolubility is, at least in part, 

upregulation of HSP70 and dependent upon its ATPase activity; however, other HSPs or 

factors could be involved. Although the dissociation constant of the HSP70 inhibitor used 

is lowest for HSP70, its affinity to other HSPs cannot be entirely ruled out, therefore 
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other HSPs such as HSP90 could contribute to the protective effects. We examined the 

global activity of protein degradation pathways including ubiquitin proteasome system 

(UPS) and macroautophagy. We did not observe any increase in the global UPS activity 

with celastrol, an HSF1 activator before MG132 stress (Figure 3.6A). Our results confirm 

a previous study that showed no change in proteasome activity in constitutively active 

HSF1 stress induced cells[215]. Although no difference was detected in global rates of 

UPS-mediated degradation, targeted degradation of specific substrates, such as TDP-43, 

could be altered by HSF1. Our findings are also consistent with the observation that, in 

neurons, newly synthesized proteins are the population of proteins most susceptible to 

MG132-mediated insolubility [216]. Autophagy is thought of as a late stage event that is 

activated for clearance of long-lived aggregated proteins. Given that autophagy has been 

shown to be required for clearance of TDP-43 macroaggregates[12, 210] and that HSF1 

can upregulate the expression of a regulator of autophagy ATG7[217], we hypothesized 

that HSF1 might be driving TDP-43 turnover via induction of autophagy. However, 

autophagy was found to be induced less in HSF1 activated cells subjected to stress, 

suggesting that HSF1 activation induces the production of HSPs that prevent the 

accumulation of newly synthesized proteins and TDP-43 aggregates, making cells less 

dependent on macroautophagy during proteasome inhibition (Figure 3.6B), this was 

supported by our observation that inhibition of the ATPase activity of HSP70 

significantly worsened TDP-43 solubility. 

Clearance of TDP-43 pathology has been shown to be advantageous; disease 

progression was slowed, and motor improvement followed after mutant human TDP-43 

gene expression was switched off in both a TDP-43 rat and a mouse model [218, 219]. 
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Here we show that HSF1 overexpression protects against TDP-43 pathology by 

preventing the accumulation of insoluble and truncated forms of TDP-43 (35kDa and 

25kDa fragments). We show that HSF1 possibly protects against caspase-mediated 

cleavage of TDP-43 by simultaneously preventing caspase-3 activation during stress 

(Figure 3.3). Our results were confirmed by inhibiting HSF1 activity or knocking out the 

HSF1 gene, which exacerbated TDP-43 insolubility. Next, we showed that HSP70 co-

localizes with TDP-43 pathology in the cortex of AD patients, indicative of a biological 

significance between HSP70 and TDP-43 in humans. 

In conclusion, we show that HSF1 can prevent the conversion of TDP-43 from a 

soluble species to an insoluble one by up regulation of its chaperones such as HSP70 and 

not through enhancing global activity of the UPS or autophagy. This study demonstrates 

how HSF1 could play a preventive role in TDP-43 insolubility in response to proteotoxic 

stress; it will next be important to determine whether activation of HSF1 in a model 

system that contains established TDP-43 pathology would also be protective. Given that 

arimoclomol is currently undergoing phase II/III clinical trials for ALS patients with 

SOD1 mutations, these studies suggest that Arimoclomol or similar activators could be 

applicable to the remaining ALS patient population and other TDP-43 proteinopathies. 

(This chapter contains previously published work in [111]) 
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Conclusion and Future Directions  

PRELIMINARY STUDIES 

METHODS 

Generation of double transgenic mice (human HSF1 and human TDP-43) 

Mice overexpressing human TDP-43 were purchased from the Jackson Laboratory, stock 

number 012836 (The Jackson Laboratory, Bar Harbor, Maine, USA). Briefly, TDP-43 

transgene was designed with the human TARDBP gene driven by a mouse Thy1 

(neuronal) promoter and SV40 polyadenylation site[72]. TAR4 mice were bred to 

B6SJLF1/J. Mice overexpressing human HSF1 were generated by our laboratory and 

maintained on a C57BL/6J background. Briefly BAC clone 2274G4 (Invitrogen) contains 

the entire human HSF1 gene[220]. TAR4 mice were crossed with hHSF1+/0 mice, TAR4 

x hHSF1+/0 offspring was crossed with hHSF1+/0 mice or wild-type mice (C57BL/6J 

background). The next generation offspring was crossed with  hHSF1+/0 mice or wild-

type mice (C57BL/6J background). This was done six times to generate a congenic strain 

before experiments were performed (Illustration 4.1). All animals were genotyped before 

and after studies were conducted. 
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Illustration 4.1: Generation of double transgenic mice overexpressing wild-type 
human TDP-43 and wild-type human HSF1 

 

Preparation of mouse brain lysate 

Sagittal half brain tissue was homogenized in 10x v/w 2% SDS RIPA buffer (50mM Tris, 

150mM NaCl, 1% NP-40, 0.5% deoxycholate) containing 1x protease inhibitor cocktail 1 

(CALBIOCHEM) and phosphatase inhibitor cocktail 2 (Sigma) [221]. Following 

centrifugation, BCA assay (Pierce) was used to determine protein concentration of RIPA-

soluble fraction [221]. 

Subcellular Fractionation 

Subcellular fractionation was slightly modified from previous studies[72]. Frozen tissues 

were weighed and homogenized in buffer containing 10mM HEPES, 10mM NaCl, 1mM 

KH2PO4, 5mM NaHCO3, 5mM EDTA, 1mM CaCl2, 0.5 mM MgCl2 (7.5x v/w). After 

10mins on ice, 2.5M sucrose (0.375x v/w) was added. Next, tissues were homogenized 

and centrifuged at 6,300 xg for 10mins [221]. The supernatant was defined as the non-
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nuclear fraction. The pellet was washed three times in TSE buffer (10mM Tris, 300mM 

sucrose, 1mM EDTA, 0.1% Nonidet P-40) 10x v/w), homogenized, and centrifuged at 

4000 xg for 5mins [221]. Finally the pellet was re-suspended in RIPA with 2% SDS (5x 

v/w) as the nuclear fraction). 

Real time-PCR 

Total RNA was extracted from one hemisphere brain tissues using TRIzol® 

reagent (Invitrogen). RNA was quantified using a NanoDrop spectrophotometer. 1µg 

RNA were used to synthesize cDNA using RETROscript kit (Ambion) Real-time reverse 

transcription PCR was performed with a LightCycler 480 (Roche Diagnostics) sequence 

detection system using LightCycler SYBR Green I. Samples were run in triplicates. 

Primer efficiencies were determined by using a cDNA dilution series.  A 1:25 dilution of 

each cDNA was run. Normalization was performed using Gapdh reference gene.  

 
Gene Sequence bp 
GAPDH-F                       GGCTGCCCAGAACATCATCCCT 278 
GAPDH-R                     ATGCCTGCTTCACCACCTTCTTG 278 
Mouse TDP-43-F ATTTGAGTCTCCAGGTGGGTGTGG 291 
Mouse TDP-43- R GTTTCACTATACCCAGCCCACTTTTCTTAGG 291 

[222] 

Table 4.1: List of primer used for Real time-PCR 

Western blotting 

Equal protein amounts were loaded for each subcellular fraction (nuclear and non-nuclear 

fractions). 35 or 50 µg nuclear fraction, 75-µg cytoplasmic fractions, and 50 µg of total 

homogenate fraction were loaded on a gradient 4-15% precast protein gels (Bio-rad) and 

transferred to PVDF membranes (Bio-rad). Membranes were blocked in 5% powered 

milk at 4°C overnight. The primary antibodies used include; rabbit anti-TDP-43 C-
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terminal polyclonal antibody (1:1000; T1580, Sigma Aldrich), human specific mouse 

anti-TDP-43 (1:1000; ab57105, abcam), mouse anti α-tubulin (1:15 000; 12G10, 

Developmental Studies Hybridoma Bank [DSHB], University of Iowa), Rabbit anti-

HSP70 (1:1000; 4872S, cell signaling), Rabbit anti-HSP40 (C6484) (1:1000, 4871P, cell 

signaling). rabbit anti-HSF1 (1:1000; ADI SPA 901D, Enzo), rabbit anti-lamin B1 

(1:1000; ab16048, abcam), rabbit anti-SIRT1 (1:1000; 07-131, milipore), histone H3 

(D1H12) XP (1:1000; 4499S, cell signaling) mouse-gapdh MA5-1:5000; 15738, Pierce 

Thermo), mouse anti –gapdh (1:1000; MAB 374, milipore). Fluorescent conjugated 

secondary antibody, IRDye 680LT goat anti-mouse (1:15 000, LiCor) or IRDye 800CW 

goat anti-rabbit (1:20 000, LiCor) signals were detected with odyssey imager (LI-COR) 

and quantified using Image J. 

Behavioral Analysis 

Wire-hang test was performed on WT, HSF1, TAR4/4 and TAR4/4 x HSF1 animals at 

post-natal day 15. Briefly, mice were placed on a wire and gently flipped upside down at 

about 30cm above a cage with cushion to brace the fall of the animal. Time to fall was 

recorded. The trials were performed with 5min rest between sessions [219].  

 

Statistical Analysis 

One-way ANOVA analysis was used to determine significant differences between the 

four groups. Post hoc tests using bonferroni’s  test was used to compare measures among 

4 groups.  Two-tailed t-test was also done to compare measures between 2 groups. Values 

of  p < 0.05 were considered statistically significant. Prism 6 (GraphPad) was used for 

analysis.  
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RESULTS 

HSF1 overexpression increases its nuclear translocation. 

To investigate whether HSF1 overexpression increases its activity, brain samples 

from 14-day-old mice were separated into nuclear, non-nuclear, and total homogenate for 

biochemical analysis. As expected, the human HSF1 protein was detected in the single 

transgenic (HSF1) and double transgenic mice (TAR4/4 x HSF1). (Figure 4.1 A B C) 

Quantitative analysis showed no difference in the mouse HSF1 between the four groups, 

WT, HSF1, TAR4/4 and TAR4/4 x HSF1, and no difference in human HSF1 between 

HSF1 and TAR4/4 x HSF1 in the homogenate fraction. A trend in the increase of human 

HSF1 levels in the nuclear fraction, and a significant decrease in the non-nuclear fraction 

was seen in the TAR4/4 x HSF1 compared to HSF1. There was no change in mouse 

HSF1 protein levels in the non-nuclear fraction. (Figure 4.1) 

 

 

Figure 4.1: Total and subcellular localization of HSF1 in brain of TAR4/4 x HSF1 
mice. 
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Sagittal half brain homogenized in sucrose buffer (0.125M sucrose, 10 mM Hepes, 10 

mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2) 

with protease and phosphatase inhibitor. SDS was added to total homogenate, final 

concentration 2% SDS. Subcellular fractionation was performed and cytoplasmic 

supernatant was isolated and nuclear pellet fraction dissolved in 2% SDS RIPA buffer. 

Immunoblot for pan-HSF1 (human and mouse)  A. total homogenate B. nuclear fraction 

C. non-nuclear fraction, from 14day old (WT, HSF1, TAR4/4 and TAR4/4 x HSF1) 

mice. (n=3mice/genotype).  * p< 0.05, ** p< 0.01. 35µg nuclear fraction, 75µg non-

nuclear fraction and 50µg total homogenate were loaded.  Data shown are means  ±  SEM. 

 
HSF1 overexpression increases nuclear SIRT1 levels. 

SIRT1 is a histone deacetylase that promotes HSF1 activity [94]. To provide 

additional evidence that HSF1 is activated in TAR4/4 x HSF1, brain samples from 14-

day-old mice were separated into nuclear and non-nuclear fractions for biochemical 

analysis. SIRT1 levels between WT, HSF1 and TAR4/4 mice were unchanged; however, 

levels in TAR4/4 x HSF1 mice were significantly increased compared to TAR4/4. There 

was no difference in SIRT1 levels in the non-nuclear fraction between the four groups 

(Figure 4.2).  Alpha tubulin was used as a non-nuclear marker.  We detected some alpha-

tubulin was detected in the nuclear fraction.  However, gapdh (non-nuclear marker) was 

not detected in the nuclear fraction (Figure 4.1), and this rules out any concerns about 

fractionation method. 
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Figure 4.2: Subcellular localization of SIRT1 in brain of TAR4/4 x HSF1 mice 

Sagittal half brain homogenized in sucrose buffer (0.125M sucrose, 10 mM Hepes, 10 

mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2) 

with protease and phosphatase inhibitor. SDS was added to total homogenate, final 

concentration 2% SDS. Subcellular fractionation was performed and cytoplasmic 

supernatant was isolated and nuclear pellet fraction dissolved in 2% SDS RIPA buffer. 

Immunoblot for SIRT1 nuclear fraction and non-nuclear fraction, from 14day old (WT, 

HSF1, TAR4/4 and TAR4/4 x HSF1) mice. (n=3mice/genotype). * p< 0.05. 35µg nuclear 

fraction and 75µg non-nuclear fraction were loaded.  Data shown are means  ±  SEM. 
 

Increase in TDP-43 nuclear levels in TAR4/4 x HSF1 mice. 

Since the nuclear clearance of TDP-43 and its cytoplasmic aggregation is 

predominant to ALS and FTLD pathology, we asked whether HSF1 overexpression 

would drive TDP-43 into the nucleus. Brain samples from 14-day-old mice were 

separated into nuclear, non-nuclear, and total homogenate for biochemical analysis. To 

verify that TAR4/4 model was indeed overexpressing the human TDP-43, we examined 

TDP-43 levels in the homogenate fraction, using human-specific and pan TDP-43 
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antibodies. We confirmed the presence of the human TDP-43 transgene in the TAR4/4 

and TAR4/4 x HSF1, and quantitative analysis showed that there was no change between 

them.  As expected, we did not detect any human TDP-43 in the control WT or HSF1 

samples. To determine the cellular distribution of TDP-43, we examined its levels in the 

nuclear and non-nuclear fractions. Using pan and human-specific TDP-43 antibodies we 

detected a significant increase (two-fold) in nuclear TDP-43, when we compared the 

TAR4/4 x HSF1 to TAR4/4 mice. However, no change in TDP-43 was detected in the 

non-nuclear fraction between the TAR4/4 x HSF1 and TAR4/4. No bands were detected 

in the WT or HSF1 using the human TDP-43 antibody.  

 

 

Figure 4.3: TDP-43 subcellular localization and levels in TAR4/4 x HSF1 mice 

Sagittal half brain homogenized in sucrose buffer (0.125M sucrose, 10 mM Hepes, 10 

mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, 0.5 mM MgCl2) 

with protease and phosphatase inhibitor. SDS was added to total homogenate, final 

concentration 2% SDS. Subcellular fractionation was performed and cytoplasmic 

supernatant was isolated and nuclear pellet fraction dissolved in 2% SDS RIPA buffer. 

Immunoblot for A. total nuclear TDP-43 protein B. human nuclear TDP-43 protein levels 
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C. total TDP-43 protein levels in non-nuclear fraction D. human TDP-43 in non-nuclear 

fraction, from 14 day old (WT, HSF1, TAR4/4 and TAR4/4 x HSF1) mice. 

(n=3mice/genotype).  * p< 0.05. 35µg nuclear fraction and 75µg non-nuclear fraction 

were loaded.  Data shown are means  ±  SEM. 

 

 

Figure 4.4: Endogenous TDP-43 mRNA expression. 

Sagittal half brain homogenized in Triazol. Quantitative real time PCR (qPCR) using 

mTDP-43-specific primers demonstrate no change in the mTDP-43 mRNA levels in 

TAR4/4 x HSF1 compared to TAR4/4. Data shown are means ± SEM from 15-day-old 

mice (WT, HSF1, TAR4/4 and TAR4/4 x HSF1). 

 
No change in TDP-43 mRNA levels. 

Studies have shown that TDP-43 auto-regulates itself, and keeps a tight regulation 

on its protein levels.  Our hypothesis was that increasing the nuclear TDP-43 would 

reduce the endogenous levels of TDP-43 mRNA. There was no significant difference in 

mouse TDP-43 mRNA levels between TAR4/4 x HSF1 and TAR4/4. (Figure 4.4)   
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Figure 4.5: Increase in brain weight and no change in body weight. 

A. At day 15, brain weight of TAR4/4 x HSF1 were significantly higher than age 

matched TAR4/4. n = 3-5 mice. B. Body weight of WT, HSF1, TAR4/4 and 

TAR4/4 x HSF1 starting at day 12 to 21. n = 10-35 mice per group per day. 

 
TAR4/4 x HSF1 show no significant rescue of phenotype 

We next asked whether increasing the nuclear TDP-43 levels would improve 

brain and body weight loss associated with ALS or FTLD. TAR4/4 x HSF1 mice showed 

a significant higher brain weight in day-15 mice, and this was independent of the mice 

body weight.  There was no difference in body weight between TAR4/4 x HSF1 

compared to TAR4/4. (Figure 4.5)  

We next examined the behavioral phenotype in these TAR4/4 x HSF1 mice. The 

wire hang test is used to measure muscle strength and detect early muscular deficits[223]. 

This is addition with other methods have been used to characterize ALS features in 

mouse models[219]. Unfortunately, due to the size and age of the animals, it was not 

feasible to do more tests. When we used only male’s for analyses for grip strength. We 



 

104 

see a significant decline in the WT or HSF1 compared to the TAR4/4 or TAR4/4 x HSF1. 

There was no significant difference between the TAR4/4 x HSF1 and the TAR4/4 mice. 

 

 

Figure 4.6: Wire hang test comparing TAR4/4 x HSF1 to TAR4/4. 

At day 15, wire hang test was performed on WT, HSF1, TAR4/4 and TAR4/4 x 

HSF1.  

 n = 3-8 mice per group. Three trials were done with a 5 min interval after each one. Data 

shows mean ± SEM  

 
DISCUSSION 

Here, we have developed new bigenic (TAR4/4 x HSF1) mice, which overexpress 

human wild-type HSF1 and human wild-type TDP-43 transgenes. We have shown that in 

these double transgenic mice, there is an increase in HSF1 nuclear levels. This could 

afford it a greater or faster induction of its targets, which is supported by a trend in the 

increase of HSP70 mRNA levels in TAR4/4 x HSF1 compared to the TAR4/4 mice. 
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(Data not shown)  SIRT1 plays an important role in enhancing the activation of the HSF1 

induced heat shock response, by increasing the stress-induced HSF1 binding to its target 

DNA [94]. Our results showed a significant increase in nuclear SIRT1 in TAR4/4 x 

HSF1 compared to TAR4/4 or HSF1 or WT. This suggests that HSF1 activity is 

increased. 

The key finding of this study is that HSF1 overexpression drives TDP-43 into the 

nucleus and rescues the brain weight phenotype. However, the changes in brain weight 

did not correlate to a significant increase in performance on the wire hang test.  

There was no change in TDP-43 protein in the non-nuclear fraction.  One reason 

for this could be the constitutively highly expressed human TDP-43 transgene in these 

mice, which might not replicate what happens in human patients.   This idea is supported 

by the lack of change in the total TDP-43 protein levels in the TAR4/4 compared to 

TAR4/4 x HSF1. Another possibility is the technical difficulty in detecting small changes 

in TDP-43 protein due to the high total protein concentration in the non-nuclear fraction. 

Future studies would require other techniques such as confocal fluorescence microscopy 

to distinguish TDP-43 localization within the non-nuclear fraction.  

We know that TDP-43 tightly regulates its protein levels [224], and our results 

show that endogenous TDP-43 mRNA remain the same in the TAR4/4 compared to 

TAR4/4 x HSF1. At late stage (day 18) in the disease progression in these mice, we do 

not see a significant increase in nuclear TDP-43 in the double transgenic animals. (Data 

not shown)  

Together this data suggests that the high expression levels of TDP-43 in these 

mice may be too aggressive to detect robust changes in these bigenic mice. The 
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expression levels of TDP-43 in various mouse models correlated with the severity of 

phenotype seen [72].  I have also generated the hemizygous (TAR4 x HSF1) mice, which 

is a less aggressive model to test for HSF1 protection against TDP-43 pathology. The 

only draw back is that these mice take at least 14 months to develop a phenotype. 

In addition, this study highlights possible behavioral phenotype differences between 

different sexes (data not shown), which should be further investigated.  

Interestingly, we see an increasing trend in the nuclear presence of 

nucleocytoplasmic shuttling proteins (such as cellular apoptosis susceptibility protein 

CAS) and a decrease in the nuclear export protein 14-3-3 in the double transgenic 

(TAR4/4 x HSF1) compared to the disease mice (TAR4/4) (data not shown). This could 

suggest that HSF1 overexpression protects the nucleocytoplasmic transport system in 

TDP-43 models, however more work still needs to be done to verify this finding. 

In summary, we have showed that increasing nuclear TDP-43 alone does not lead 

to a robust rescue of TDP-43 phenotype, and that TDP-43 levels plays a key role in 

pathogenicity.  
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CONCLUSION 

Abnormal accumulation of SOD1 and TDP-43 is a major driving force in the 

onset and progression of ALS and TDP-43 proteinopathies. HSPs are crucial for the 

maintenance of timely folding, refolding and degradation of these proteins. The age-

related onset of neurological disorders implies that there is a disruption in protein 

homeostasis, which has been postulated to be due to a reduction in HSPs, increased 

cellular stress, mutations and other factors. In addition, some of these disease proteins are 

composed of low complexity domains (or disordered domains) that are needed for 

physiological functions such as phase transition during the formation of RNA granules, 

which can easily become pathogenic.  

These studies reported here show that HSF1 overexpression upregulates HSPs in 

response to mutant SOD1. It shows that mutant SOD1 has exposed surface hydrophobic 

residues, which could be important for recognition by HSPs [109]. We show that HSF1 

overexpression led to improvement of the pathological phenotype associated with ALS in 

mutant SOD1 mice.   

In addition, this thesis work shows that overexpression of HSF1 protects against 

TDP-43 aggregation by enhancing the heat shock response via HSPs. HSF1 

overexpression protects against cellular stress that could facilitate TDP-43 conversion 

into pathogenic fragments and aggregates.  

I have developed a mouse model that overexpresses both the human HSF1 and 

human TDP-43, which can be used as a tool to study how HSF1 overexpression could 

protect against protein aggregation in vivo. I have shown that HSF1 overexpression 
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drives TDP-43 into the nucleus in these TAR4/4 x HSF1 mice. How overexpression of 

HSF1 does this is still unknown and will require future study.   

These studies represent the first time that HSF1 overexpression has been shown to 

induce a robust increase in HSPs that protects against pathological conversion of SOD1 

and TDP-43 disease-proteins. It shows that strategies that target HSF1 levels or activity 

could be effective in treating neurodegenerative disorders. Currently, phase II/III clinical 

trials are being conducted for arimoclomol- a hydroxylamine that induces HSPs under 

stress conditions- for the treatment of SOD1-ALS patients. Its mechanism is unknown, 

however, it is thought to increase the length of HSF1 activation [135].  

FUTURE DIRECTIONS 

This work highlights the need for further investigation on how HSF1 protects 

against protein aggregation in ALS and other neurodegenerative diseases. We have 

shown that HSF1 overexpression favors inducing HSPs such as HSP70 chaperone and 

does not increase protein turnover by macro-autophagy. However, we have not 

investigated whether HSF1 overexpression increases chaperone-mediated autophagy 

(CMA). CMA contributes to the degradation of disease proteins involved in various 

neurodegenerative diseases such as TDP-43 [225, 226] [227]. More studies are needed to 

understand the role of CMA in TDP-43 homeostasis, and whether HSF1 overexpression 

enhances this system. 

  We have shown that HSF1 overexpression protects against TDP-43 aggregation 

and rescues some disease phenotype in mice. Future research will be needed to 

investigate whether HSF1 overexpression could protect against previously aggregated 

TDP-43 or SOD1 proteins seen in late stages of disease. Shorter’s laboratory has 
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extensively studied yeast HSP104 as a disaggregase against human disease proteins such 

as TDP-43. They have shown that genetic engineered HSP104 restored aggregated 

proteins to their normal conformation [228]. More recently, the synergy between the 

mammalian HSP110, HSP70 and HSP40 has been found to have disaggregase activity 

[229]. It would be important to study whether HSF1 overexpression increases the 

HSP110/70/40 collaboration and solubilizes aggregated proteins. The use of viral vectors 

such as adeno-associated virus vectors (AAV) gene therapy could be a good strategy to 

investigate protein aggregates in SOD1 or TDP-43 mice. Previous work has shown that 

overexpression of HSF1 can be done using a lentivirus system to deliver HSF1 to 

different brain regions in mice [22, 230]. 

Recent studies have uncovered new HSF1 targets that could provide beneficial 

effects in neurodegenerative diseases. These targets include synaptic proteins needed for 

memory consolidation [87]. Memory deficit is a major facet of most of the 

neurodegenerative diseases. Our preliminary mass spectrometry studies from mice brains 

showed a decrease in the levels of some synaptic proteins in TAR4/4 mice compared to 

WT (data not shown). Further studies to explore whether HSF1 overexpression increases 

synaptic proteins levels are needed. More preliminary studies from the TAR4/4 x HSF1 

bigenic mice suggest a possible effect of HSF1 overexpression on the nucleocytoplasmic 

transport system. Future research needs to be done to identify HSF1 targets that could 

provide protection to this system.  
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