
 

 

Investigating the mechanisms of the 

heat shock response impairment in 

Huntington’s disease  

mouse models 
 

A thesis submitted  

for the degree of Doctor of Philosophy 

 

Casandra Gomez Paredes 

 

UCL Queen Square Institute of Neurology 

University College London 

October 2021  

LONDON’S GLOBAL UNIVERSITY 

LONDON’S GLOBAL UNIVERSITY 



 2 

Abstract  

Huntington’s disease (HD) is a neurodegenerative disease caused by the expansion 

of a CAG repeat within exon 1 of the huntingtin (HTT) gene. This produces a mutant 

HTT protein with an abnormally long polyglutamine stretch, which is prone to misfold 

and form aggregates, as detected in HD patients and mouse models, and which have 

aberrant interactions with members of key cellular pathways that become disrupted. 

The heat shock response is a cytoprotective mechanism that aims to prevent and 

reduce aggregation and maintain proteome integrity. It is regulated by heat shock 

factor 1 (HSF1) which, under stress conditions, activates the transcription of the heat 

shock genes. 

In this thesis, a comprehensive analysis of the heat shock response has been 

described for HD mouse models R6/2 and zQ175, after in vivo pharmacological 

induction with the compound NVP-HSP990. The expression of Hsf1 and nine heat 

shock genes was measured from mouse tissue lysates by a QuantiGene multiplex 

assay, developed and validated for this purpose. Evidence of an impairment of the 

heat shock response was found in brain hemispheres, tibialis anterior and striatum 

of both models, with less consistent evidence in the cortex. As a potential cause of 

this dysregulation, HSF1 levels were analysed in brain and muscle, however, a 

decrease in HSF1 was not detected in either tissue. 

SIRT1 can deacetylate HSF1 and maintain it in a competent state, bound to heat shock 

gene promoters. SIRT1 levels decline with disease progression in HD mouse models, 

therefore, whether a decreased SIRT1 activity could be responsible for the impaired 

heat shock response was investigated. The analysis of the heat shock gene expression 

with QuantiGene revealed that Sirt1 overexpression on R6/2 mice did not 

significantly improve the heat shock response impairment in brain or tibialis anterior.  
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Impact statement 

Huntington´s disease (HD) is a devastating neurodegenerative disorder that 

manifests in an adult or juvenile form with a myriad of motor, cognitive and 

psychiatric symptoms. In the adult disease, the symptoms generally appear in mid-

life (around 40 years of age) and the onset in the juvenile HD cases is when individuals 

are younger than 20 years of age. HD patients will progressively deteriorate over the 

course of 15 - 20 years, leading to their eventual death. HD is autosomal dominantly 

inherited and is transmitted from an affected parent to offspring with a 50 % 

probability. A higher incidence of HD cases is found in Western and European 

populations and in the UK alone, approximately 12 / 100,000 individuals are affected 

by the disease. Currently, no disease-modifying treatments are available. 

The genetic cause of HD is an expanded CAG repeat in exon 1 of the huntingtin (HTT) 

gene, which leads to the production of a mutant HTT protein that contains an 

abnormally long polyglutamine tract. This mutant HTT protein is prone to form 

misfolded and aggregated structures, as observed in HD patients and mouse models, 

which could destabilise crucial cellular pathways such as energy metabolism, 

transcriptional regulation, protein homeostasis or synaptic transmission.  

The development of therapeutic interventions aimed at preventing aggregate 

formation or enhancing the activity of cellular disaggregation machineries is a 

rational approach for HD. To that end, increasing our understanding of protein 

homeostasis mechanisms, and how they are disrupted by mutant HTT, is highly 

relevant in HD research.  

The heat shock response is a conserved cellular mechanism of defence against 

proteotoxic insults such as the presence of HTT aggregates. The induction of the heat 

shock response is regulated by HSF1, which activates the transcription of the heat 

shock genes to encode the heat shock proteins, the main effectors of the response. 

Previous studies in our group identified an impairment in the heat shock response in 

HD mice as disease progressed.  
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In this thesis, a comprehensive characterisation of the heat shock response 

impairment in brain and muscle tissues from two HD mouse models, zQ175 and R6/2, 

after pharmacological activation of the heat shock response with NVP-HSP990 

compound, is provided.  

The levels of HSF1 were analysed in all tissues, and the overexpression of SIRT1, a 

deacetylase that could prolong transcriptional activation of heat shock genes via 

deacetylation of HSF1, was tested as an approach to restore the heat shock response 

impairment. A novel QuantiGene multiplex assay was designed and validated to 

simultaneously analyse the expression of nine heat shock genes and the regulators 

Hsf1 and Sirt1, directly from tissue lysates. 

The methodologies developed and optimised in this thesis have been published and 

will aid in the detailed analysis of the heat shock response by other groups. The 

mechanistic studies have contributed to our understanding of the heat shock 

response impairment in HD and will help to inform therapeutic strategies targeting 

the heat shock response and proteostasis. These results may be applicable in the 

design of therapeutic approaches not only in HD, but also in other disorders 

characterised by the presence of aggregates, such as amyotrophic lateral sclerosis, 

Alzheimer’s disease, Parkinson’s disease or spinocerebellar ataxias. 
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Chapter 1. Introduction 

1.1 History and epidemiology of Huntington’s disease 

Huntington’s disease (HD) is a monogenic neurodegenerative disease of autosomal 

dominant inheritance. Individuals affected usually present an onset of symptoms 

during mid-life (adult onset, 40 years of age on average), but the symptoms can also 

manifest during childhood in the juvenile form of the disease (onset before 20 years 

of age); with a disease progression of approximately 15 – 20 years. Symptoms of the 

disease include motor impairment, cognitive decline and psychiatric disturbances 

(Bates et al., 2015; Tabrizi et al., 2020; Ghosh and Tabrizi, 2018).  

HD is present in all populations; however, it is more common in populations of 

European descent. HD is estimated to affect approximately 4 - 10 / 100,000 people 

in Western and European countries (Kay et al., 2017) with significantly lower 

incidence in Asian and African populations. In the UK, 11.2 – 13.5 / 100,000 people 

are estimated to suffer from HD (Evans et al., 2013). Some Venezuelan communities, 

such as the Maracaibo region, are among the areas with highest prevalence in the 

world (Wexler et al., 2004).  

The clinical features of the adult-onset form and pattern of inheritance were initially 

described in 1872 by George Huntington. The juvenile form of the disease was 

described by J. Hoffman. Later in the 1970s and early 1980s, HD gene mapping 

projects were carried out, including expeditions by Nancy Wexler to several regions 

of Venezuela, where a high incidence of HD cases had been reported, to obtain 

resources. This all led to the mapping of HD gene in 1983 by Gusella and colleagues 

to the short arm of chromosome 4 (Gusella et al., 1983) and its later gene isolation 

in 1993 (The Huntington’s disease collaborative research group, 1993). The presence 

of a CAG trinucleotide repeat (encoding glutamine [Q]), that was abnormally 

expanded only on the HD chromosomes, was identified as the causative mutation. 
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1.2 Clinical features and diagnosis of Huntington’s disease 

HD belongs to the group of trinucleotide repeat expansion disorders and, specifically, 

those referred to as polyglutamine diseases because of the expanded CAG 

trinucleotide that encodes a polyglutamine tract. There are nine neurodegenerative 

diseases caused by expansion of CAG trinucleotide: Huntington’s disease, spinal and 

bulbar muscular atrophy (SBMA), dentatorubropallidoluysian atrophy (DRPLA) and 

the spinocerebellar ataxias (SCAs) with six forms (SCA1, 2, 3, 6, 7 and 17). Although 

they all share the characteristic of polyglutamine expansion, they have differences in 

the causative genetic component or CAG range (Lieberman et al., 2019).  

The clinical features of HD are characterised by motor, cognitive and psychiatric 

disturbances. The disease, according to the presentation and development of 

symptoms, could be divided in two phases. There is a “premanifest” or prodromal 

phase, in patients who are carriers of the HD gene mutation but are not showing 

motor impairment or only very subtle signs; however, during this phase they may 

suffer from some psychiatric or cognitive symptoms, and this is accompanied by 

striatal atrophy and loss of corticostriatal connectivity (Tabrizi et al., 2013). In the 

“manifest” phase, which is considered the official disease onset, there is a definite 

presence of motor symptoms, including chorea or bradykinesia (Ghosh and Tabrizi, 

2018). The timing and prevalence of these symptoms have recently been analysed by 

McAllister et al., (2021).  

As tools for clinical diagnosis and monitoring, the Unified Huntington’s disease rating 

scale (UHDRS), with motor, cognitive, behavioural, emotional and functional capacity 

components, and the total motor score (TMS) subscale are commonly used to assign 

a score and diagnose the disease onset as well as to assess disease progression 

(Ghosh and Tabrizi, 2018). Due to the inherited pattern of genetic transmission, 

genetic testing is available to predict and diagnose, as well as to determine the CAG 

repeat length in patients who might be showing symptoms suspected as HD. Patients 

with a family history have a 50 % chance of having inherited the mutation from an 
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affected parent and mutation carriers would have a 50 % chance of transmitting it to 

the next generation. 

1.2.1 Motor symptoms 

The most common feature of the motor symptoms is chorea, which consists of short 

and involuntary movements with a variable pattern, more usually in the extremities 

and face. Other motor symptoms include dystonia (prolonged muscle contraction 

and abnormal posture), bradykinesia (slowness of movements) and muscle rigidity, 

which also affect the voluntary movements, especially as the disease progresses. All 

these symptoms cause an impairment and progressive deterioration of the normal 

posture, gait and reflexes (Ghosh and Tabrizi, 2018). 

1.2.2 Cognitive and psychiatric symptoms 

Several cognitive features have been described to be dysfunctional in HD: deficits in 

learning, memory and attention as well as sensory perception and processing, 

impaired executive functioning (difficulties in organisational skills and development 

of actions) and, in advanced stages of the disease, severe dementia. The most 

common neuropsychiatric disturbances described in HD are depression and anxiety 

(with the highest incidence), increased apathy over disease progression and 

irritability. Occasionally, patients also present obsessive-compulsive behaviours and 

psychosis, communication difficulties, swallowing/feeding problems and sleeping 

and circadian rhythm disturbances (Ghosh and Tabrizi, 2018). Both cognitive and 

psychiatric symptoms have often been detected in the premanifest stage of HD, long 

before the defined disease onset.  

Neuropathology characteristics include brain atrophy in striatal regions (caudate 

nucleus and putamen) and cell loss of medium spiny neurons, especially, with a high 

vulnerability to HD pathogenesis (Vonsattel and DiFiglia, 1998). However, HD is 

considered a disease of not only the brain but the whole body. 
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Additional to the symptoms observed in the nervous system, there are some 

peripheral characteristics of the disease, including weight loss, muscle atrophy, 

endocrine dysregulation and heart failure, among others (Ghosh and Tabrizi, 2018; 

Lakra et al., 2019; Zielonka et al., 2014).  

1.3 Genetics of Huntington’s disease and effect of CAG repeat length 

As identified by the Huntington’s disease collaborative research group in 1993, the 

causative genetic mutation in HD is an expanded CAG trinucleotide repeat within 

exon 1 of the 67-exon huntingtin (HTT) gene, located in chromosome 4p16.3. This 

encodes a mutant version of the huntingtin (HTT) protein that contains an abnormally 

long polyglutamine (polyQ) stretch at the N-terminus. 

Because of its autosomal-dominant pattern of inheritance, the presence of this 

mutation in a single allele of the gene is sufficient to cause the disease. Healthy, non-

affected individuals carry between 10 to 35 CAGs. The presence of 36 – 40 CAGs 

results in a reduced penetrance form of HD which may or may not lead to the 

development of symptoms. Individuals who would become symptomatic have a full 

penetrance of the mutation, with 40 or more CAGs in the affected allele(s) (Figure 

1.1). Those individuals with 27 – 35 CAGs (intermediate-length allele) are generally 

asymptomatic. However, because of the unstable nature of the expanded repeat, 

there is a possibility of CAG repeat expansion during meiosis (Zühlke et al., 1993; 

Telenius et al., 1993) which may lead to >35 CAGs to be passed down to the 

subsequent generations, therefore with an increased risk of disease manifestation. 

This meiotic expansion accounts for the genetic anticipation, whereby there are 

progressively earlier disease onsets or appearance of first symptoms with disease 

transmission through generations. Juvenile HD cases, generally inherited via paternal 

transmission (which more commonly undergo large expansions in the CAG repeat 

size), contain > 55 CAGs (Telenius et al., 1993; Schultz et al., 2020). 
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1.3.1 Correlation between CAG repeat length and age of onset 

There is an inverse correlation between CAG repeat length and age of onset 

(Langbehn et al., 2010; Lee et al., 2012). Generally, longer CAG repeat length 

determines an earlier age of onset, however, great variability has been detected in 

the age of onset in the range of 40 – 50 CAG repeats (Figure 1.1). 

 
Figure 1.1. Association between the CAG repeat length and age of motor onset 
in adult and juvenile cases of HD from different studies. 
The CAG repeat length is associated with the age of motor onset. Datasets are 
from (A) Kids-JOHD study in juvenile cases of HD (Schulz et al., 2020), (B) Predict-
HD study in adults (Paulsen et al., 2014), (C) Enroll-HD study in adults 
(Landwehrmeyer et al., 2016). Image taken from Schultz et al., (2020) and 
reproduced with permission (open access).  

 

1.3.2 Genetic modifiers of Huntington’s disease 

Approximately, 50 - 70 % of variation in the age of onset and progression of disease 

is determined by CAG repeat length (Ghosh and Tabrizi, 2018). The rest of the 

variability is associated with genetic modifiers and genomic differences that may be 

inherited and influence HD course (Kaltenbach et al, 2007; GeM-HD consortium, 

2015, 2019; Holmans et al., 2017; Gusella et al., 2014). 
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Currently, many studies have generated a lot of interest on the DNA repair machinery 

enzymes and factors associated with the incomplete splicing of HTT gene as 

important modifiers of HD pathogenesis, age of disease onset and somatic expansion 

of the CAG repeat (GeM-HD consortium, 2019; Bettencourt et al., 2016; Hensman-

Moss et al., 2017).  

1.4 Somatic instability and expansion of the CAG repeat 

The CAG repeat length that is inherited in HD exhibit both meiotic (Zühlke et al., 1993) 

and somatic expansion capacities. The somatic expansion of the CAG repeat length 

during an affected individual’s lifetime is considered a prominent modifier of HD 

(Aronin et al., 1995; Swami et al., 2009). Somatic expansion has been described to 

occur in post-mortem brain and peripheral tissues from HD patients (Pinto et al., 

2020) as well as in HD mouse models (Lee et al., 2011; Dragileva et al., 2009; Wheeler 

et al., 1999; Gonitel et al., 2008; Mangiarini et al., 1997).  

Somatic expansion of the CAG repeat length is likely to be caused by DNA damage 

and repair processes. In line with this, recent genome-wide association studies 

(GWAS) in HD patients (GeM-HD, 2015, 2019) have been carried out that identified 

genes involved in the DNA repair machinery to be significantly correlated with HD 

haplotypes and polymorphisms that are associated with a delayed or earlier disease 

onset; these include the mismatch repair pathway proteins MSH3 (Flower et al., 

2019; Hensman-Moss et al., 2017; Tomé et al., 2013), MSH2 (Wheeler et al., 2003; 

Kovalenko et al., 2012) or MLH1 (Pinto et al., 2013) and the DNA interstrand cross-

link repair nuclease FAN1 (Kim et al., 2020; Goold et al., 2021). The effects on the 

disease, either slowing or accelerating it, are thought to occur via somatic expansion 

of the CAG repeat (Wheeler and Dion, 2021). 
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1.5 Incomplete splicing of the HTT gene 

The HTT gene with a CAG repeat expansion may undergo abnormal RNA processing 

during transcription, in a process known as incomplete splicing. As discussed later, 

this mechanism is responsible for the generation of one of the highly pathogenic 

short N-terminal HTT fragments (Gipson et al., 2013). 

The presence of an expanded CAG repeat in the HTT gene may prevent HTT mRNA 

from splicing from exon 1 to exon 2, instead leading to a premature termination of 

transcription in intron 1 and the generation of a small polyadenylated transcript 

called HTT1a. This HTT1a transcript, that contains exon 1 and the 5’ end of intron 1, 

is then translated to produce the exon 1 HTT protein (Figure 1.2). The incomplete 

splicing and the HTT1a transcript have been detected in HD knock-in mouse models 

(Sathasivam et al., 2013) as well as in fibroblasts and post-mortem brains from HD 

patients (Neueder et al., 2017). Although the incomplete splicing is confirmed to 

occur in HD, the mechanisms underlying this process are still unknown.  

The exon 1 HTT protein resulting from incomplete splicing has been shown to be 

highly pathogenic. The HD mouse models expressing a genomic HTT fragment 

containing exon 1, such as the transgenic R6/2 mice (Mangiarini et al., 1996), encode 

a short N-terminal HTT fragment and develop a rapidly progressing HD phenotype 

with a short lifespan.  

The higher expression of the truncated HTT1a transcript in post-mortem tissues from 

juvenile cases of HD (over 55 CAGs) suggests that incomplete splicing is a CAG repeat 

length-dependent process in patients (Neueder et al., 2017). Somatic expansion of 

the CAG repeat may further exacerbate incomplete splicing and lead to an increased 

HTT1a expression and exon 1 HTT production.   
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1.6 The toxicity and aggregation of mutant huntingtin 

The HTT protein, with a molecular weight of 350 kDa (The Huntington’s disease 

collaborative research group, 1993; Hoogeveen et al., 1993) is a conserved and 

ubiquitously expressed protein (Li et al., 1993) that may shuttle between nucleus and 

cytoplasm (Truant et al., 2007). The normal functions of wild-type HTT are not 

completely understood. HTT is believed to have a scaffolding function and play an 

important role in neural development, BDNF production and transport (Zuccato et 

al., 2007; Saudou and Humbert, 2016). Lack of HTT expression has been 

demonstrated to be embryonically lethal (Zeitlin et al., 1995). 

The HTT protein is organised in multiple alpha-helical domains of HEAT (Huntingtin, 

Elongation factor 3, protein phosphatase 2A, TOR1) repeats, as demonstrated 

recently (Guo et al., 2018). In between these HEAT repeats, there are disordered 

regions known to undergo post-translational modifications (PTMs) (Ratovitski et al., 

2017; Steffan et al., 2004; Kratter et al., 2016). Particularly, the proteolytic cleavage 

of HTT by caspases or other proteases has been described to occur in these regions 

resulting in the generation of diverse mutant HTT cleaved products (Figure 1.2; 

Lunkes et al., 2002; Juenemann et al., 2011). 

An array of mutant HTT fragments can be produced by proteolysis, all of them 

containing an N-terminal segment of 17 amino acids (known as N17) followed by the 

polyQ region starting in residue 18 (of variable length according to the CAG repeats) 

and then a proline-rich domain (PRD). The N17 and PRD regions flanking polyQ may 

also modulate the aggregation process, as detected in vitro (Shen et al., 2016). The 

N17 region is a subject of post-translational modifications (Steffan et al., 2004) and 

may be involved in triggering the aggregation process (Thakur et al., 2009; Vieweg et 

al., 2021).  
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The smallest N-terminal fragment is the exon 1 HTT fragment as generated by 

incomplete splicing (Sathasivam et al., 2013; Figure 1.2). This fragment has the ability 

to form aggregated structures and is considered a key pathogenic form in the disease 

(Landles et al., 2010). Its expression is sufficient to cause the HD pathological 

phenotype in mice (Mangiarini et al., 1996). 

The generation of HTT fragments by either proteolysis or incomplete splicing of the 

HTT gene, eventually gives rise to the appearance of intranuclear inclusions and 

cytoplasmic aggregates (Figure 1.2), the main pathological markers of the disease, as 

detected in the brains and periphery of HD patients (DiFiglia et al., 1997; Gutekunst 

et al., 1999) and mouse models (Davies et al., 1997; Landles et al., 2010; Schilling et 

al., 1999; Sathasivam et al., 1999). The HTT aggregates may assemble progressively 

in different conformations in intermediate oligomeric species, amyloid-like fibrillar 

structures and inclusions as observed in the nucleus and cytoplasm (Scherzinger et 

al., 1997, 1999; Sathasivam et al., 2010). 

It is yet to be clearly determined whether the formation of intracellular aggregates 

may be the driver of neuronal dysfunction or, on the contrary, they could provide 

some beneficial or protective effects. On one side, some studies identify these 

nuclear and cytoplasmic aggregates as primary pathogenic contributors and 

responsible for neuronal dysfunction, mainly through the sequestration of essential 

cellular components that would lead to disruption of normal cellular mechanisms 

(Davies et al., 1997; Woerner et al., 2016; Shirasaki et al., 2012; Kim et al., 2016). On 

the other hand, alternative reports hypothesise that the formation of 

aggregates/inclusions may work as a cellular protective mechanism as they can 

contain the smaller and more cytotoxic oligomeric species of mutant HTT and 

mitigate apoptosis (Arrasate et al., 2004; Ramdzan et al., 2017; Kuemmerle et al., 

1999; Miller et al., 2011, Takahashi et al., 2008). 
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The specific pathogenic contribution of these aggregates is still under debate; it might 

be possible that they exert a dual protective/pathogenic role in the cell, depending 

on the stages of the disease as well as cellular and tissue localisations of these 

aggregates (Arrasate and Finkbeiner, 2012; Bates, 2003).   

Additionally, post-translational modifications on mutant HTT, influenced by the CAG 

repeat length (Lakhani et al., 2010), may have the capacity to modulate its 

aggregation and toxicity (Arbez et al, 2017), affecting mainly its interactions with 

other proteins (Ehrnhoefer et al., 2011). Examples of this are: phosphorylation at 

Ser421 that reduced neurodegeneration by promoting mutant HTT clearance in mice 

(Kratter et al., 2016) or the phosphorylation at Ser13 and Ser16, which played 

significant roles in the misfolding and formation of aggregates in vitro and HD mice 

(Gu et al., 2009). 

The polyQ tract expansion confers new and toxic properties to HTT protein, resulting 

in a major contributor to HD pathogenesis and, therefore, identifying HD as a toxic 

gain-of-function disease. 

 

1.6.1 Downstream cellular processes affected by mutant huntingtin protein  

The accumulation of misfolded HTT fragments into aggregates within the cells results 

in aberrant interactions with an extensive array of proteins (Shirasaki et al., 2012; 

Kim et al., 2016). Moreover, it is established that multiple components of relevant 

cellular pathways involved in protein homeostasis, cell cycle regulation, 

transcriptional regulation and energy metabolism are sequestered within the 

aggregates (Yang and Hu, 2016). The sequestration of these components along with 

the abnormal interactions between mutant HTT and other proteins leads to the 

disruption of essential cellular processes (Labbadia and Morimoto 2013; Bates et al., 

2015; Wanker et al., 2019; Hughes and Jones, 2014; Figure 1.2) such as: 
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• Mitochondrial and energy metabolism dysfunction (Johri et al., 2013; Orr et 

al., 2008; Franco-Iborra et al., 2020). 

• Synaptic dysregulation and excitotoxicity: alterations in neuronal circuitry and 

axonal transport (Trushina et al., 2004; Milnerwood et al., 2010). 

• Transcriptional dysregulation (Hodges et al., 2006; Langfelder et al., 2016). 

• Proteostasis impairment and clearance of mutant HTT: a detailed review on 

this can be found in the next section.  

• Inflammation (activation of reactive microglia and astrocytes) (Palpagama et 

al., 2019). 

• Impaired vesicular trafficking and nucleocytoplasmic transport (Gasset-Rosa 

et al., 2017; Woerner et al., 2016; Zhou et al., 2021). 
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Figure 1.2. Huntingtin processing, from HTT RNA transcription to formation of 
aggregates species and their effects on cellular processes. 
HTT gene, with an expanded CAG repeat and 67 exons on chromosome 4, may 
be normally processed to a full-length transcript and generate a full-length HTT 
protein. But it can also undergo a process of incomplete splicing whereby it 
generates a HTT1a transcript to encode an exon 1 HTT protein. This exon 1 HTT 
fragment along with other fragments generated by proteolytic cleavage of the 
full-length HTT are prone to aggregate and form fibrils, oligomers and inclusions 
within cells. HTT aggregates, in either nucleus or cytoplasm, engage in aberrant 
interactions with other proteins and significantly affect essential cellular 
processes, as indicated. HEAT: Huntingtin, Elongation factor 3, protein 
phosphatase 2A, TOR1; N17: N-terminal with 17 amino acids; polyQ: 
polyglutamine; PRD: proline-rich domain. 
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1.7 Protein homeostasis and its dysregulation in Huntington’s disease 

1.7.1 The proteostasis network 

Cells have developed a system for protein quality control that is defined as the 

proteostasis or protein homeostasis network. This network, comprised of numerous 

factors and signalling pathways, aims to maintain the functional integrity and 

structural stability of the entire cellular proteome during the processes of protein 

synthesis, folding, trafficking/transport, post-translational modifications and/or 

clearance (Powers et al., 2009; Labbadia and Morimoto., 2015; Jayaraj et al., 2019). 

The molecular chaperones, described as helpers in the conformational native 

assembly of another protein without being part of its final conformation, are an 

essential part of this network and are present at all stages of the protein homeostasis. 

These are some key signalling pathways comprising the proteostasis network that 

work in a timely and coordinated manner (represented in Figure 1.3):  

• Heat shock response (Morimoto, 2011; Lindquist, 1986): the main effectors 

of this response are the stress-activated chaperones, heat shock proteins.  

• Unfolded protein response (in mitochondria and endoplasmic reticulum): 

(Karagöz et al., 2019; Melber and Haynes, 2018).  

• Autophagy-lysosome and ubiquitin proteasome (UPS) systems: primary 

pathways that act in combination for the degradation and clearance of 

damaged/misfolded proteins (Dikic, 2017; Hershsko and Ciechanover, 1998). 

The autophagy-lysosome system can be further divided into:  

o Microautophagy: direct engulfment of material to degrade by 

lysosomes in the cytoplasm. 

o Chaperone-mediated autophagy (CMA) (Kaushik and Cuervo, 2012). 

o Macroautophagy, generally referred to as autophagy, involves cargo 

recognition and is usually implicated in the removal of oligomeric 

species or aggregated forms of proteins. 

Initially, the UPS is the first mechanism of protection for the degradation of 

short-lived unfolded/misfolded proteins by selectively tagging these proteins 
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with ubiquitin and promoting its cleavage into small peptides. The UPS 

degradation requires the unfolding of the protein substrate by 26S 

proteasome complex (Prakash and Matouschek, 2004). Chaperone-mediated 

autophagy acts by chaperone HSC70 recognising specific exposed KFERQ 

hydrophobic sequences (which in the native states are buried internally) on 

the substrates (Kiffin et al., 2004) and transferring them into the lysosomes 

for degradation. If misfolded or aggregated proteins elude these first 

mechanisms of defence, they are recognised and directed to macroautophagy 

by autophagic adaptors like p62 (Matsumoto et al., 2011; Rogov et al., 2014). 

The misfolded proteins are then engulfed into autophagosomes and digested 

by hydrolases after the fusion with lysosomes (autophagolysosomes) 

(Ciechanover and Kwon, 2015). 

• Other pathways integrated in the proteostasis network: pathways involved in 

the regulation of oxidative stress defence, epigenetic chromatin regulation, 

inflammation or Ca++ regulation (Powers et al., 2009; Jayaraj et al., 2019). 
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Figure 1.3. Pathways and modifiers that form the proteostasis network. 
The protein processes that are regulated by the proteostasis network and the 
components/actions involved in them are indicated in red font in the center. The 
signalling pathways that mainly influence protein homeostasis are marked in 
green font. The outer layer in blue font indicates other modifiers (epigenetics, 
stress, genetics…) that can significantly alter protein homeostasis.  Image is 
from publication by Powers et al., (2009), reproduced with permission. HSR: 
heat shock response; UPR: unfolded protein response; UPS: ubiquitin 
proteosome system; ERAD: endoplasmic reticulum associated protein 
degradation; HAT: histone acetyl transferases; HDAC: histone deacetylases.  
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1.7.2 The heat shock response: induction and regulation 

Among the central signalling pathways of the proteostasis network, the focus of this 

thesis is on the heat shock response. It is a highly conserved cellular response with a 

protective nature, that is promptly induced by environmental or physiological stress 

such as elevated temperatures, altered pH, presence of toxins, bacteria or viruses or 

oxidative stress (Lindquist, 1986; Morimoto, 2011). During aging or in 

neurodegeneration, proteostasis in general, and the heat shock response, can be 

highly compromised (Hipp et al., 2019). The appearance of mutations caused by 

errors during the DNA replication, exacerbated by aging or by pathological conditions 

(e.g., CAG repeat expansion in HD or cell proliferation in cancer) may lead to a 

vulnerable state in the cells, with unstable peptides that are more likely to misfold or 

form protein aggregates or intermediate oligomeric species.  

The main regulator of the heat shock response is the heat shock factor 1 (HSF1) 

(Vihervaara and Sistonen, 2014; Joutsen and Sistonen, 2019). This is the best 

characterised member of the highly conserved HSF1 family, which contains six 

members in mammals: HSF1, HSF2, HSF3, HSF4, HSFX and HSFY (Joutsen and 

Sistonen, 2019). It can shuttle between nucleus and cytoplasm under physiological 

conditions (during absence of stress) but locates mainly in the nucleus during heat 

shock (Mercier et al., 1999; Vujanac et al., 2005).  

HSF1 is kept in the cytoplasm or nuclear compartments in a monomeric form and 

inactivated by the inhibitory action of chaperones HSP90, HSP70 and HSP40. Upon 

exposure to stress conditions, HSF1 dissociates from the inhibitory complex with 

HSP90 and other chaperones and trimerises. HSF1 accumulates or translocates to the 

nucleus where it undergoes extensive post-translational modifications (especially 

hyperphosphorylation) that contribute to the high-affinity binding to the heat shock 

elements (HSE) located in the promoter regions of the heat shock genes (Baler et al., 

1993). The heat shock genes encode the heat shock proteins, which are the primary 

effectors of the folding, re-assembly or degradation of misfolded/aggregated 

proteins. After that, the heat shock response is attenuated, promoted by the 
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acetylation of HSF1 which will significantly reduce the binding and residence of HSF1 

on the promoter sites of the heat shock genes. This leads to the eventual dissociation 

of HSF1 from the promoters and its ubiquitin-dependent degradation (Kim et al., 

2016), although there is limited evidence on the specific mechanisms of clearance 

and/or disassembly of HSF1 in the cytoplasm (Figure 1.4; Akerfelt et al., 2010; Gomez-

Pastor et al., 2018; Anckar and Sistonen, 2011). 

 

Figure 1.4. Schematic of the activation and attenuation of the heat shock 
response.  
Under absence of stress, HSF1 is monomeric and inactivated by 
HSP90/HSP70/HSP40. Under stress-sensing conditions, HSF1 is dissociated from 
the inhibitory complex and undergoes trimerisation and multiple activating 
post-translational modifications in the nucleus. Then, HSF1 binds to the HSE in 
the promoters of the heat shock genes to activate transcription and production 
of heat shock proteins. During attenuation of the heat shock response, the 
repressive action from the negative feedback loop by heat shock proteins and 
other inhibitory post-translational modifications (such as acetylation by EP300; 
reversed by SIRT1) lead to the inactivation and degradation of HSF1. HSP: heat 
shock protein; HSE: heat shock element; P: phosphorylation; Ac: acetylation; 
PTMs: post-translational modifications.   
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The heat shock proteins can be classified into families, according to their molecular 

weights, which is also used in the nomenclature of these proteins (Smith et al., 2015; 

Kampinga et al., 2009; Kim et al., 2013; Frydman, 2001). These are the main groups: 

• HSP70 family (encoded by HSPA genes in humans): these 70 kDa chaperones 

act by recognising the hydrophobic residues of newly synthesised, unfolded 

or misfolded proteins to assist in their folding or promote their degradation. 

Their structure is formed by a N-terminal ATPase nucleotide binding domain 

(NBD) and a C-terminal substrate binding domain (SBD) with intermediate 

domains. Their ATP-regulated activity is dependent on interactions with 

HSP40 and nucleotide exchange factor (NEF) chaperones (Rosenzweig et al., 

2019; Mayer and Gierasch, 2019; Kampinga and Craig, 2010). 

• HSP90 family (encoded by HSPC genes in humans): it contains 90 kDa 

members and is one of the most abundant in cells. These ATP-dependent 

homodimer chaperones have numerous and diverse types of client proteins 

including protein kinases, cell cycle regulators or hormone receptors, with 

which they usually interact and stabilise in the late stages of folding (Karagöz 

and Rüdiger, 2015; Biebl and Buchner, 2019).  

• HSP110 family (encoded by HSPH genes in humans): also known as nucleotide 

exchange factors (NEF) with 100 - 110 kDa in molecular weight. They regulate 

and stabilise HSP70 and assist in the dissociation of amyloid-like deposits 

(Shorter, 2011; Bracher and Verghese, 2015). 

• DNAJ or HSP40 family (encoded by DNAJA, DNAJB, DNAJC genes in humans). 

A 40 kDa family of chaperones, all containing a J-domain, and act mainly as 

co-chaperones of HSP70 by stimulating ATP activity (Zarouchlioti et al., 2017; 

Kampinga et al., 2019). They are divided in three classes (DNAJA, DNAJB, 

DNAJC) depending on their domain composition (Cheetham and Caplan, 

1998). 

• HSP60/HSP10 family or chaperonins (encoded by HSPD, HSPE and CCT genes 

in humans): these ATP-dependent, double-ring chaperones of ~10 kDa or ~60 

kDa form a complex with an internal cavity to fold the substrate polypeptides. 
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They are further classified in two groups (I and II) (Bukau and Horwich, 1998; 

Horwich et al., 2007). Some of the described members are GroEL (group I) or 

TRiC (group II).  

• HSPB family or small heat shock proteins (encoded by HSPB genes in humans): 

these chaperones are ATP-independent and range from 12 to 42 kDa in 

molecular weight. They can mediate and prevent the aggregation of 

unfolded/misfolded proteins until they are assisted by HSP90 or HSP70 

chaperones (Mogk et al., 2019, Janowska et al., 2019). 

1.7.2.1 Modulation of HSF1 activity 

The HSF1 protein is comprised of several structural and functional domains that are 

maintained across different species (schematic representation in Figure 1.5):  

• a DNA-binding domain (DBD) at the N-terminus. The helix loop structure 

present in this domain facilitates and stabilises the interaction with DNA and 

other factors (Littlefield and Nelson, 1999; Ahn et al., 2001; Neudegger et al., 

2016). 

• a regulatory domain (RD) in the central region, involved in the sensing of 

stress and regulation of HSF1 during the absence of stress (Newton et al., 

1996). It is flanked by two leucine-zipper-like hydrophobic modules with 

heptad repeats (HR-A and HR-B next to the DBD and HR-C following the RD) 

that form the oligomerisation domain that mediates (HR-A and HR-B) or 

represses (HR-C) the trimerisation of HSF1 (Rabindran et al., 1993; Liu and 

Thiele, 1999). 

• a transactivation domain (TAD) at the C-terminus formed by two modules, 

which is involved in the transcriptional activation of the targeted heat shock 

genes (Green et al., 1995). 
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As mentioned, throughout the activation and attenuation of the heat shock response, 

HSF1 is tightly regulated by the action of chaperones as well as by post-translational 

modifications (Anckar and Sistonen, 2011; Neef et al., 2011; Gomez-Pastor et al., 

2018; Joutsen and Sistonen, 2019).  

During activation of the heat shock response, HSP90 exerts its repressive action by 

binding to the regulatory domain of HSF1, affecting its trimerisation, and 

HSP40/HSP70 associate with the transactivation domain, impeding the 

transcriptional activation (Zou et al., 1998; Guo et al., 2001; Abravaya et al., 1992; Shi 

et al., 1998). After the attenuation of the response, the newly synthesised 

chaperones re-associate with the corresponding HSF1 domains in a negative 

feedback manner to control the duration and magnitude of the heat shock response 

(Baler et al., 1992; Kmiecik et al., 2020).  

Among the post-translational modifications, phosphorylation is the most common in 

HSF1. A series of serine (Ser) sites have been identified in the HSF1 domains that are 

subjected to phosphorylation (Guettouche et al., 2005). Specifically, Ser230, Ser320 

and Ser326 are some of the residues that, when phosphorylated, enhance HSF1 

transcriptional activity (Holmberg et al., 2001; Guettouche et al., 2005; Figure 1.5). 

On the other hand, Ser303 and Ser307 are among the residues that have a repressive 

effect on HSF1 when they are phosphorylated during the attenuation phase of the 

heat shock response (Kline and Morimoto, 1997; Figure 1.5). 

Other post-translational modifications include: the Ser303 phosphorylation-

dependent sumoylation of residue Lys298, with unclear mechanism and effect on 

HSF1 activation (Hietakangas et al., 2003; Kmiecik et al., 2021), and the acetylation 

of lysine (Lys) residues (Westerheide et al., 2009; Zelin and Freeman, 2015) which 

correlates with the attenuation of the heat shock response (Figure 1.5). The 

acetylation of Lys80 in HSF1 DNA binding domain (a residue which is in direct contact 

with DNA) by the acetyltransferase EP300 (Raychaudhuri et al., 2014) is key in the 

attenuation phase of the heat shock response. Lys80 acetylation can be reversed by 

the histone deacetylase SIRT1 (Westerheide et al., 2009). 
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Figure 1.5. HSF1 domains and main post-translational modifications affecting 
its activity.  
The organisation of HSF1 domains is highly conserved across species. The HSF1 
protein contains 529 amino acids in humans. At the N-terminus, the DBD 
domain is involved in the interaction with the promoters of the heat shock 
genes; at the central region, the RD domain, where most of the post-
translational modifications occur, is flanked by two HR domains, that facilitate 
HSF1 trimerisation; at the C-terminus, the TAD domain that promotes the 
transcriptional activation of the targeted heat shock genes. Several residues in 
these domains are highlighted, as they undergo post-translational 
modifications (phosphorylation, sumoylation or acetylation) that have 
relevance in either activating (green) or repressing (red) HSF1, as indicated. 
DBD: DNA binding domain; HR: heptad repeats; RD: regulatory domain; TAD: 
activation domain; Ser: serine; Lys: lysine; Ac: acetylation; S: sumoylation; P: 
phosphorylation. 

 

 

1.7.2.2 Pharmacological induction of the heat shock response 

The design and development of compounds that could promote the heat shock 

response, by activating HSF1 or prolonging its transactivation activity has been a 

subject of great interest to restore proteostasis in protein conformational diseases 

(Westerheide and Morimoto, 2005; Calamini and Morimoto, 2012; Pratt et al., 2015; 

Luo et al., 2010; Wang et al., 2013). Several approaches have been taken to activate 

HSF1: 
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• Compounds targeting and inhibiting HSP90:  

This the most widely studied and promising approach. These compounds selectively 

target and bind to HSP90 to disrupt its interaction with HSF1 and subsequently lead 

to HSF1 activation; additionally, a non-canonical role for HSP90 in the modulation of 

HSF1 activity and the heat shock response has been proposed, mediated by HSP90 

involvement in the removal of HSF1 trimers from the heat shock elements in DNA 

(Kijima et al., 2018). Among the HSP90 inhibitors, geldanamycin and its derivatives 

(such as 17-AAG or 17-DMAG), celastrol (Westerheide et al., 2004) or radicicol are 

some of the most studied, with potent activation of the heat shock response. Because 

of the implications of HSP90 client proteins in the activation of tumorigenic signalling 

pathways and cell proliferation, some of these HSP90 inhibitors have been taken 

further into pre-clinical or clinical development stages for cancer therapies (Neckers 

and Workman, 2012; Serwetnyk and Blagg, 2021). 

However, some disadvantages have been reported for these compounds such as 

toxicity in liver, difficulty in the synthesis and formulation, low bioavailability or 

inefficient cross of the blood brain barrier, which have negatively affected further 

clinical evaluation of these compounds in humans (Neckers and Workman, 2012; 

Serwetnyk and Blagg, 2021). Additionally, some of these HSP90 inhibitors require 

routes of administration, e.g., intravenous, which may make its application difficult 

in vivo. 

In this thesis, the HSP90 inhibitor NVP-HSP990 (2-amino-7,8-dihydro-6H-pyrido[4,3-

D]pyrimidin-5-1), was administered in vivo to mice to pharmacologically induce the 

heat shock response. This compound, supplied by Novartis Pharma, is administered 

orally, well-tolerated and penetrates the blood brain barrier (Menezes et al., 2012; 

McBride et al., 2014). NVP-HSP990 binds to the N-terminal domain of HSP90 that 

modulates its ATPase activity. By hindering its ATPase activity, HSP90 capacity to 

interact with proteins is disrupted. After NVP-HSP990 administration, HSP90 

therefore dissociates from the inhibitory complex formed with HSF1. As a 

consequence, HSF1 is released and the heat shock response is initiated. NVP-HSP990 
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has been approved for the treatment of cancer patients as a potent antiproliferative 

drug (Menezes et al., 2012; Spreafico et al., 2015). The NVP-HSP990 compound has 

been previously employed in our group to pharmacologically activate the heat shock 

response in mice (Carnemolla et al., 2014; Carnemolla et al., 2015; Labbadia et al., 

2011; Neueder et al., 2014; Neueder et al., 2017). 

• Compounds modulating HSP70 function: 

Some compounds have been described that target either the HSP70 substrate 

binding domain (e.g., 15-deoxyspergualin or geranylgeranylacetone) or the 

nucleotide binding domain (e.g., SW02, methylene blue or MKT-077) to enhance 

(Hirakawa et al., 1996; Katsuno et al., 2005) or inhibit HSP70 activity through different 

mechanisms of action (Nadler et al., 1992; Wang et al., 2010). 

• Other approaches: 

Non-steroidal anti-inflammatory drugs (NSAIDS) like sodium salicylate or 

prostaglandins have been reported to activate HSF1 (Jurivich et al., 1992; Amici et al., 

1992). The small molecule HSF1A was also identified to activate HSF1 and induce 

chaperones by interaction with TRiC chaperone (Neef et al., 2010; Neef et al., 2014). 

A screening in a cell-based assay identified several hundred small molecules with 

potential to induce HSP70 expression through different mechanisms (Calamini et al., 

2012). 

Other compounds like the hydroxylamine derivative arimoclomol and riluzole are not 

well-characterised and the mechanisms of action are not completely understood, 

although they are believed to prolong the duration of HSF1 binding to heat shock 

elements or increase the levels of HSF1 via chaperone-mediated autophagy inhibition 

(Yang et al., 2008). Arimoclomol has been reported to provide beneficial effects in 

the context of amyotrophic lateral sclerosis (ALS), in mouse models of the disease 

(Kalmar et al., 2008); it was in clinical trials for the treatment of ALS patients (Kalmar 

et al., 2014; Lanka et al., 2009) but its approval was recently denied. 
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1.7.3 The heat shock response as a therapeutic target in neurodegeneration and 
Huntington’s disease: rationale and previous work  

The presence of damaged or misfolded proteins in cells triggers the activation of the 

heat shock response. This can be a consequence of environmental or physiological 

stress, but it is also caused and further exacerbated by mutations that are associated 

with protein conformational disorders such as Alzheimer’s disease (AD), Parkinson’s 

disease (PD), amyotrophic lateral sclerosis (ALS), HD and spinocerebellar ataxias 

(SCA) or prion disorders (Sinnige et al., 2020). A hallmark of these neurodegenerative 

diseases is the accumulation of cellular aggregates (amyloid-b and tau, a-synuclein, 

SOD1 and TDP-43, polyglutamine tracts and prion proteins, respectively). These 

aggregates may engage in aberrant interactions, resulting in the collapse of cellular 

physiology (Olzscha et al., 2011), and the ability to respond to situations of 

proteotoxic stress becomes diminished or is deregulated in the context of these 

disorders and exacerbated with aging (Gidalevitz et al., 2006; Hipp et al., 2014, 2019; 

Boland et al., 2018; Labbadia and Morimoto, 2015). 

The enhancement of the protein-folding capacity and clearance mechanisms in cells 

by increasing the expression of chaperones has been a promising avenue to explore 

as a therapeutic strategy in the protein conformational diseases, including HD 

(Calamini and Morimoto, 2012; Bose and Cho, 2017; Lindquist and Kelly, 2011; 

Boland et al., 2018; Ciechanover and Kwon, 2015; Muchowski and Wacker, 2005). 

For HD, interactome studies have indicated that members of the chaperone families 

interact with HTT or are contained within HTT aggregates such as HSP90 (Baldo et al., 

2012; Shirasaki et al., 2012) and members of HSP40, HSP70 families (Jana et al., 2000; 

Lotz et al., 2010; Guzhova et al., 2011; Monsellier et al., 2015). This may lead to the 

progressive reduction of chaperone members that has been observed in the brain of 

HD R6/2 model (Hay et al., 2004; Neueder et al., 2017; Yamanaka et al., 2008).  

The modulation of chaperones, either genetically or pharmacologically, has been an 

important approach pursued in HD (Reis et al., 2017). The individual or combined 

genetic manipulation of mostly HSP70 or HSP40 or other chaperones has led to 
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modest improvements in HD mice (Hansson et al., 2003), and reduction of 

aggregation in cultured cells (Rujano et al., 2007; Hageman et al., 2010; Gillis et al., 

2013; Muchowski et al., 2000). The overexpression of chaperone HSJ1a (DNAJ) in HD 

R6/2 mice significantly reduced the level of aggregation of mutant HTT in brain and 

improved some HD phenotypes (Labbadia et al., 2012). And recently, Scior et al. 

(2018) showed an efficient suppression of formation and disaggregation of amyloid 

fibrils by a trimeric chaperone complex in vitro and in C. elegans models of HD.  

Other small heat shock proteins have also been investigated as potential suppressors 

of polyQ toxicity and aggregation, such as HSPB7, in a Drosophila and cellular polyQ 

model, and that its N-terminus was required for both interaction and suppressing 

activity (Vos et al., 2010; Wu et al., 2019). 

The coordinated upregulation of chaperones by pharmacological induction, either by 

activating HSF1 directly of by HSP90 inhibition could be a more beneficial manner to 

increase the protein folding capacity in HD and polyglutamine disorders. It has shown 

efficient induction of the heat shock response and positive outcomes in: organotypic 

slice cultures derived from HD R6/2 mice, with delayed aggregation formation after 

treatment with radicicol/geldanamycin (Hay et al., 2004); inhibition of mutant HTT 

aggregation in HD cellular model (Sittler et al., 2001); reduction of aggregation in vivo 

in a Drosophila model of SCA (Fujikake et al., 2008) and mouse models of SBMA 

(Katsuno et al., 2005; Waza et al., 2005). Labbadia et al. (2011), in our group, 

demonstrated the amelioration of some HD phenotypes and reduced level of 

aggregation in two mouse models of HD after pulsed treatment with HSP90 inhibitor 

NVP-HSP990. However, these beneficial effects were transient as, with the disease 

progression, the ability to induce the heat shock response became impaired. 

The following Table 1.1 summarises previous studies involving heat shock proteins in 

HD, as well as the genetic and pharmacological approaches taken as therapeutic 

strategies.  

  



Table 1.1. Heat shock proteins / genes previously studied in HD and summary of strategies and outcomes.  

Interaction with HTT, expression analysis and effects of chaperones on modulating HTT aggregation 

HSP family Heat shock gene 
/ protein Reference Model Method Study outcomes 

HSP70 
 

HSC70 Monsellier et al., 2015 

Purified HTT 

polypeptides with 

varying polyQ lengths 

and synthetic Nt17 

peptides 

Electron microscopy, 

FTIR spectroscopy, 

circular dichroism, mass 

spectrometry, seeding 

assays… 

HSC70 (together with HSP40 co-chaperones HDJ1, 

HDJ2) bound to N-terminal HTT exon 1 fragment and 

affected its aggregation in a polyQ tract-independent 

manner. The surface interface of the interaction was 

mapped by mass spectrometry.  

HSC70, HSP70 Hay et al., 2004 Mice (R6/2) 

Western blotting; IHC; 

confocal microscopy 

HSP70 levels were decreased in R6/2 brains by 12 

weeks of age. 

HSC70 colocalised with nuclear HTT aggregates in R6/2 

cortex, striatum (8 weeks), hippocampus (4 weeks). 

HSP70 Yamanaka et al., 2008 

Cells (Neuro2a 

transfected to express 

HTT with 18Q or 150Q 

and cortical neurons) 

Mice (R6/2) 

IHC, fluorescence 

microscopy; EMSA; IP, 

Western blotting; RT-

PCR 

HSP70 mRNA and protein expression was reduced in 

mouse brain from 8 weeks, as the transcription factor 

NF-Y was found to be sequestered in mutant HTT 

aggregates (NF-Y binding to HSP70 promoter was 

reduced). Reduction of HDJ1 was also observed. 

HSP40 and 
HSP70 

HDJ-1, HDJ-2 
(HSP40), HSC70, 

HSP70 
Jana et al., 2000 

Cells (Neuro2a with N-

terminal htt-EGFP-16Q, 

60Q, 150Q) 

Mice (R6/1, R6/2) 

CoIP, immunoblotting, 

IHC, fluorescence 

microscopy 

In cells, HSP40 (HDJ-1, HDJ-2), HSC70, HSP70 interacted 

with polyQ-expanded HTT (coimmunoprecipitated with 

soluble HTT; HDJ-2 and HSC70 co-localised in 

cytoplasmic HTT aggregates). In HD mouse brains, HDJ-2 

and HSC70 co-localised in nuclear inclusions. 

DNAJB1 (HSP40), 
HSP70 Lotz et al., 2010 

Cells (PC12, Q103); 

purified GST-HD53Q, 

GST-HD20Q 

SEC, atomic force 

microscopy, dot-blot, 

filter trap assay, 

Western blotting 

HSP70 was associated with HTT oligomers, this was 

dependent on (DNAJB1) HSP40 and ATP.  
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HSP40 and 
HSP70 

DnaJ, Ydj1 
(HSP40), DnaK 

(HSP70) 

Muchowski et al., 2000 

Yeast (20Q, 53Q); GST 

fusion proteins 

(HD20Q, HD53Q) 

expressed in E. coli and 

purified 

Electron microscopy; 

coIP; 

immunofluorescence; 

filter trap assays 

Purified DnaK (HSP70) and DnaJ (HSP40) interacted with 

regions of HTT in GST-HS20Q or 53Q. Coprecipitation of 

HSP70 and Ydj1 (HSP40) with exon 1 HTT segment in 

yeast HD53Q. 

HSP40 

HSJ-2/HSDJ 
(HSP70 co-
chaperone) 

Wyttenbach et al., 
2000 

Cells (COS-7, PC12, SH-

SY5Y; transfected with 

part of HTT exon 1 with 

23Q - 74Q) 

IHC 

Western blotting 

HSP40, HSP70 and 20S proteasome co-localised with 

HTT inclusions.  

HDJ1, HDJ2 Hay et al., 2004 Mice (R6/2) 

Western blotting 

RT-qPCR 

IHC 

Confocal microscopy 

HDJ1 and HDJ2 colocalised with mutant HTT aggregates 

in cortex, striatum (8 weeks), hippocampus (4 weeks). 

Levels of HD1, HDJ2 were decreased in R6/2 brains by 

12 weeks of age.  

HDJ1 mRNA levels did not change in R6/2 so HDJ1 may 

be sequestered into aggregates. 

DNAJB6, DNAJB8 Gillis et al., 2013 Cells (HeLa; co-

transfected, Q99) 

Confocal and FRET-FLIM 

microscopy 

DNAJB6, DNAJB8 interacted directly with polyQ tract of 

polyQ proteins and HTT exon1 fragments  

DNAJB6 Mansson et al., 2014 
Purified polyQ peptides 

and constructs with Htt 
exon1  

Purification of peptides 

Thioflavin T binding 

(fibrillation assay) 

Electron microscopy, 

size exclusion 

chromatography 

Purified DNAJB6 efficient at suppressing the 

aggregation of polyQ peptides in vitro, in a mechanism 

independent of ATP and HSPA1 (HSP70) and based on a 

direct interaction with polyQ peptides. 

HSP90 
 

HSP90 Baldo et al., 2012 Cells (HdhQ150 ES and 

neurons, HN10) 

CoIP 

Physical interaction between mutant and WT HTT with 

HSP90 (HTT as HSP90 client protein) 

HSP90 He et al., 2017 
Cells (HEK293; 

transfected, Q18 and 

Q100) 

Supernatant/pellet 

fractionation; GST pull-

down assays; NMR 

spectroscopy, SEC 

HSP90 recognised N-terminus of HTT and regulated HTT 

aggregation by USP19 (deubiquitinating enzyme), that 

interacted with HSP90 

HSPB (small 
heat shock 
proteins) 

HSPB7 Vos et al., 2010 

Cells (HEK293 and NG-

108 cells; mutant Htt 
exon 1 Q74 co-

expressed with HSPB7) 

FLIM and confocal 

microscopy; FRET; 

immunostaining 

HSPB7 found to interact with polyQ proteins (staining in 

inclusion periphery). 
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HSPB (small 
heat shock 
proteins) 

HSPB7 Wu et al., 2019 Cells (HEK293) 

Aggregation assays; 

gene cloning; Western 

blotting; 

Immunofluorescence 

Explains mechanism by which HSPB7 prevented 

aggregation of poly Q proteins, dependent on its N-

terminal domain to associate with aggregates 

Chaperonins 

TRiC Shahmoradian et al., 
2013 

In vitro (purified HTT 

constructs (Q51) and 

TRiC) 

Cryo-electron 

microscopy and 

tomography; 3D 

mapping to resolve 

structural interaction; 

GST aggregation assay 

TRiC inhibited mutant HTT exon 1 (with 51 CAGs) 

aggregation in vitro by interacting with mutant HTT 

fibrils and encapsulating smaller oligomers  

TRiC (and 
subunits) Tam et al., 2006 

Yeast (S. cerevisiae) cell 

extracts 

Purified GST-Htt-exon1 

(Q18, Q51) 

Fluorescence 

microscopy; 

aggregation assay; GST 

pull downs 

TRiC interacted with polyQ HTT (normal and pathogenic 

forms) and inhibited aggregation 

HSP70  
co-chaperones 

BAG-1 Jana and Nukina, 2005 Cells (HD15Q, HD150Q) 
Immunofluorescence, 

IP, Western blotting, 

cell viability assay 

BAG-1 associated with polyQ-expanded HTT aggregates 

through interaction with HSP70/HSC70. 

CHIP Jana et al., 2005 
Cells (mouse Neuro2a; 

16Q, 150Q; 

transfected) 

CoIP, immunoblotting 

Immunofluorescence 

Degradation assays 

CHIP was recruited into HTT aggregates and interacted 

with polyQ-expanded N-terminal region (co-

immunoprecipitated).  
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Genome-wide screens / Proteomic interactome studies 

Heat shock genes / proteins 
identified Reference Model Method Study outcomes 

HSP40 members (DNAJA2, DNAJB1, 
DNAJC7, DNAJA1), HSP70, HSP110, 

HSP90, TRiC subunits 

Kim et al., 2016 
Cells (Neuro2a 

expressing HttEx1-eGFP 

with Q18, Q64, Q150) 

Combined in-cell single 

fluorescence 

spectroscopy and 

quantitative 

proteomics; SILAC-MS 

Soluble polyQ-expanded HttEx1 oligomers found to 

interact with up to 875 proteins. Several members of 

the HSP40 family (DNAJA2, DNAJB1, DNAJC7, DNAJA1) 

as well as HSP70, HSP110, HSP90 and TRiC subunits 

were identified. 

HSP90, HSP110, HSP70, HSC70, 
HSPB8, HSP60, TCP1, CCT8… Shirasaki et al., 2012 

Mouse (BACHD) 

Drosophila HD model 

(Q128) 

Affinity-purification 

mass spectrometry 

WGCNA analysis 

747 proteins found to associate with full-length HTT in 

HD and WT mouse brains. A module was enriched in 

proteostasis proteins.  

Some were validated as HTT interactors and genetic 

modifiers in Drosophila. 

CG6603 (HSP110); hsp83 (HSP90); 
hsc70-5 (HSP70); dhdj1 (HSP40); T-

cp1 (chaperonin), hsf 
Zhang et al., 2010 

Drosophila (expressing 

GFP-tagged HTT with 

different polyQ lengths; 

HD93 model) 

Genome-wide RNAi 

screen 

Cell-based quantitative 

assay to measure 

aggregates 

Microscopy 

Screen identified 126 genes involved in regulating 

mutant HTT protein aggregation. The activities of two 

hits (hsp110 and tra1) were modulated in vivo. 

Depletion of CG6603 (HSP110) resulted in aggregate 

formation in cells; in HD93 flies, it caused accelerated 

eye degeneration. 

cct-1, cct-2, cct-4, cct-5, cct-6, cct-7 
(chaperonins), hsp-6, hsp-1 (HSP70), 

rme-8 (DNAJ) 
Nollen et al., 2004 

C. elegans (with YFP 

and Q0, Q24, Q33, Q35, 

Q40) 

Genome-wide RNAi 

screens 

Fluorescence 

microscopy and FRAP 

Immunoblotting 

Screen to identify genes that resulted in appearance of 

aggregates when suppressed; 186 genes identified. 

Members of chaperonins, HSP70, HSP40 were identified 

as genetic modifiers of protein aggregation 
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Genetic manipulation of chaperones 

Genetic 
approach 

Heat shock 
genes/proteins Reference Model Method Study outcomes 

Overexpression 
HSP40, HSC70 

(HSP70), HSP110 
Scior et al., 2018 

Cells (HD patient-

derived iPSCs with 44Q, 

HEK293 Htt exon1 Q97) 

C.elegans (with Q35-

Q128) 

FRET assays, electron 

and fluorescence 

microscopy, 

sedimentation analysis, 

filter retardation, 

Western blotting 

The trimeric chaperone complex suppressed amyloid 

fibril formation in vivo and in vitro and disaggregated 

HTT fibrils. The J-protein (HSP40) was the limiting 

factor. Their genetic depletion in C. elegans increased 

HTT aggregates. 

Overexpression 

HSP70 and 

HSP40 

HSP40 and HSP70 Lotz et al., 2010 
Cells (PC12, Q103); 

purified GST-HD53Q, 

GST-HD20Q 

SEC, atomic force 

microscopy, dot-blot, 

filter trap assay, 

Western blotting 

Overexpression of HSP70 and HSP40 in cells reduced 

levels of insoluble HTT; they targeted specific oligomers 

of HTT and decreased their levels and toxicity. 

Ydj1 (HSP40), 

HSP70 
Muchowski et al., 2000 

Yeast (20Q, 53Q);  

GST fusion proteins 

(HD20Q, HD53Q) 

purified 

Electron microscopy; 

coIP; 

immunofluorescence; 

filter trap assays  

Overexpression of Ydj1 (HSP40) or HSP70 inhibited 

formation of insoluble inclusions in HD53Q yeast. 

HDJ-1 (HSP40) 

and HSP70 
Sittler et al., 2001 Cells (COS1 with 51Q) 

Immunoblotting, filter 

retardation assay, 

fluorescence 

microscopy 

Single HSP40 or HSP70 overexpression reduced 

aggregation of insoluble exon1 HTT protein by 30-40% 

and by 60-80% when both overexpressed. 

HDJ-1 (HSP40), 

HSC70 (HSP70) 
Jana et al., 2000 

Cells (Neuro2a with N-

terminal htt-EGFP-

150Q) 

Immunofluorescence 

and quantitation of 

aggregate formation 

and cell death 

Overexpression of HDJ-1 or HSC70 suppressed 

formation of HTT aggregates and reduced cell death 

(higher efficiency with co-expression) 

HspA1A (HSP70), 

DnaJB1 (HSP40) 
Rujano et al., 2007 

Cells (O23, N2A 

transfected to express 

EGFP-HDQ23, Q43, 

Q53, Q74) 

Confocal microscopy 

and time-lapse imaging, 

Western blotting, filter 

trap assays 

HspA1A (HSP70) overexpression alone did not suppress 

formation of inclusions; DnaJB1 (HSP40) overexpression 

reduced inclusion formation and was dependent on 

interaction with HSP70/HSC70 and enhanced when 

HspA1A was also overexpressed. 
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Overexpression 
CHIP and CHIP + 

HSC70 
Jana et al., 2005 

Cells (mouse Neuro2a; 

16Q, 150Q; 

transfected) 

CoIP, immunoblotting 

Immunofluorescence 

Degradation assays 

CHIP overexpression enhanced the ubiquitination of 

polyQ -expanded HTT and promoted degradation; 

reduced HTT aggregation. 

Overexpression 
HSP70 

Guzhova et al., 2011 
Cells (SK-N-SH 

tranfected; Q25 or 

Q103) 

Confocal microscopy, 

IP, Western blotting, 

filter trap assays 

Pure recombinant HSP70 protein addition or 

overexpression inhibited the formation of polyQ HTT 

aggregates by binding to GAPDH and polyQ. 

HSP70 bound to polyQ region in a mechanism 

dependent on ATP. 

Hay et al., 2004 

Mice (R6/2 crossed to 

mice overexpressing 

HSP70) and organotypic 

hippocampal slice 

culture assay 

Phenotype assessment 

(body weight, Rotarod, 

grip strength) 

IHC; confocal 

microscopy 

HSP70 overexpression delayed aggregation by one 

week in hippocampal slices; transient inhibitory effect 

HSP70 overexpression did not improve weight loss, 

Rotarod or grip strength performance in R6/2 

Hansson et al., 2003 

Mice (R6/2 crossed 

with transgenic mice 

overexpressing human 

HSP70) 

IHC, stereology optical 

fractionator technique, 

Western blotting, paw 

clasping measurement 

R6/2 mice overexpressing HSP70 had a delayed body 

weight loss (not in brain weight); but the number and 

size of inclusions, striatal volume, paw clasping 

phenotype or survival were not affected and were 

similar as in R6/2 mice.  

Deletion HSP70 Wacker et al., 2009 
Mice (R6/2 crossed 

with Hsp70.1/3 KO 

mice) 

Phenotype assessment 

(survival, Rotarod, body 

weight, activity, paw 

clasping); Western 

blotting, IHC 

In R6/2 mice with deletion of Hsp70.1/3: phenotype 

was exacerbated, enhanced severity, survival was 

decreased, motor deficits worsened; increased size and 

number of mutant HTT inclusions in brains. 

Overexpression HSJ-1a (HSP40) Labbadia et al., 2012 

Mice (R6/2 crossed 

with human HSJ1a 

overexpressing mice) 

Cells (SK-N-SH, 

transfected) 

Behavioural assessment 

Western blotting, IP, 

coIP, AGERA, Seprion, 

RT-qPCR, IHC, filter trap 

assays… 

HSJ1a overexpression reduced mutant HTT aggregation 

and aggregates size and enhanced its solubility in R6/2 

mice; HSJ1a acted on high MW HTT complexes, and this 

was dependent on HSP70 co-operation. 

Mice showed a modest improvement on motor 

performance (Rotarod, grip strength, open field) but no 

effect on brain or body weight. 

Overexpression 
HSJ-2/HSDJ 

(HSP40) 

Wyttenbach et al., 
2000 

Cells (COS-7, PC12, SH-

SY5Y; transfected with 

HTT ex1 and 23Q - 74Q) 

IHC; Western blotting 

Overexpression of HSJ-2 did not change inclusion 

formation in PC12 and SH-SY5Y cells, but it did in COS-7 

cells.  
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Overexpression 

/ siRNA 

downregulation 

DNAJB6, DNAJB8 

(HSP40) 
Hageman et al., 2010 

Cells (N2A, SH-SY5Y, 

HEK93, transfected to 

express HDQ74-EYFP, 

HDQ119-EYFP and 

chaperones), Xenopus 
laevis tadpoles (Q74, 

Q119) 

Filter trap assay, 

Western blotting, FLIM 

microscopy, mass 

spectrometry, siRNA 

downregulation 

Screen of members of HSPA (HSP70), HSPH (HSP110) 

and DNAJ (HSP40) families. DNAJB subfamily members 

DNAJB6, DNAJB8 were the most potent suppressors of 

aggregation, independent of HSP70 and dependent on 

C-terminal Ser-rich region. 

Downregulation of DNJB6b by siRNA in cells enhanced 

aggregation 

HDACs interacted with DNAJB members and HDAC4 

inhibition reduced anti-aggregation activities. 

Overexpression DNAJB6 (HSP40) Kakkar et al., 2016 

Cells (HEK293, NG108; 

Q23, Q74) 

Mice (R6/2 crossed 

with DNAJB6 

overexpressing mice) 

Filter trap assays; 

Western blotting, IP; 

Thioflavin analysis for 

fibril formation; IHC; 

behavioural assessment 

In cells: inhibitory effect on fibril formation (Q74) 

In R6/2 overexpressing DNAJB6: Reduced HTT 

aggregation and number of inclusions in brain; delayed 

motor dysfunction (Rotarod, grip strength and 

clasping); 20 % extension of lifespan 

Overexpression 
DNAJB6, DNAJB8 

(HSP40) 
Gillis et al., 2013 

Cells (HEK293, Mel 

Juso, HeLa; co-

transfected, Q104) 

Confocal and FRET-FLIM 

microscopy; filter trap 

assay, immunoblotting 

DNAJB6, DNAJB8 reduced HTT exon 1 aggregation and 

improved their clearance. This was dependent on the 

Ser-rich region of DNAJB6, DNAJB8. 

Deletion 
DNAJB6, DNAJA1, 

DNAJB1 (HSP40) 

Rodriguez-Gonzalez et 
al., 2020 

Cells (HEK293 with 

polyQ74Htt) 

CRISPR/Cas9 (to KO 

DNAJA1, DNAJB1, 

DNAJB6); Western 

blotting; fluorescence 

microscopy; filter trap 

assay; trypan blue 

DNAJB6 KO increased HTT aggregation and cell death; 

DNAJA1 KO decreased HTT aggregation; DNAJB1 KO did 

not change aggregation propensity. Experiments 

rescuing their expression confirmed their conclusions. 

Overexpression HSP27 (human) Zourlidou et al., 2007 Mice (R6/2 crossed to 

HSP27 transgenic mice) 

Behavioural assessment 

Aconitase assays 

Immunoblotting, IHC 

HSP27 overexpression did not reduce oxidative stress in 

R6/2 brains and did not modify phenotype. 

HSP27 suggested to remain inactive in R6/2 brains 

(differential activation) 

Overexpression HSP27 
Wyttenbach et al., 

2002 

Cells (COS-7; SK-N-SH; 

httEx1-EGFP with 23 - 

103Q) 

IHC, Western blotting, 

estimation of ROS 

production, polyQ 

aggregates, cell death  

HSP27 overexpression reduced ROS and oxidative stress 

(regulated by HSP27 phosphorylation) and suppressed 

cell death in HD cells but not HTT aggregation. 
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Overexpression HSPB7 Vos et al., 2010 

Cells (HEK293 and NG-

108 cells; mutant Htt 
exon 1 Q74 co-

expressed with HSPB 

members) 

Drosophila (Q78; SCA3 

model) 

Filter trap assay; FLIM 

and confocal 

microscopy; FRET; 

immunostaining 

Comparison of anti-aggregation abilities of members of 

HSPB family in HD and SCA3. HSPB7 was the most 

potent suppressor of aggregation in cells and reduced 

polyQ-associated toxicity in cells and eye degeneration 

in Drosophila.  

Overexpression hsp104 (yeast) Vacher et al., 2005 

Mice (N171-82Q 

crossed with transgenic 

mice overexpressing 

yeast hsp104) 

Western blotting, IHC 

Behavioural assessment  

Hsp104 overexpression reduced aggregate formation 

and number of aggregates in cortex, and increased 

survival by 20 %. The motor phenotype or weight loss 

was not improved.  

Overexpression HSP104, HSP27 Perrin et al., 2007 

Rat (injected with 

lentiviral vectors 

expressing htt171-19Q, 

82Q, hsp104, hsp27) 

Cells (rat striatal 

primary cultures, 82Q) 

IHC  

Confocal microscopy; 

analysis of aggregate 

distribution 

Overexpression of hsp104, hsp27 reduced polyQ HTT 

toxicity in rats and cells, reduced cell death in striatal 

neurons (the DARPP-32 expression was rescued, 

decreased number and reduced size of nuclear HTT 

aggregates) 

Overexpression 

BAG1 (HSP70 co-chaperone) 

Orr et al., 2008 

Mice (N171-82Q 

crossed with BAG1 

transgenic mice) 

Cells (PC12 transfected; 

BAG1 siRNA) 

Immunoblotting, IHC 

Phenotype assessment 

(Rotarod, limb clasping, 

body weight, survival) 

Synaptosome 

fractionation 

BAG1 overexpression did not alter the levels of mutant 

HTT in mice.  

Improved motor performance (Rotarod) in male N171-

82Q mice overexpressing BAG1. 

Level of mutant HTT in synaptosomes of BAG1 

overexpressing male mice was decreased 

Jana and Nukina, 2005 Cells (HD15Q, HD150Q) 

Immunofluorescence, 

IP, Western blotting, 

cell viability assay 

BAG-1 overexpression reduced cell death but did not 

reduce aggregate formation. 

Overexpression TRiC / CCT Zhao et al., 2016 
BACHD cortical and 

striatal neurons, PC12 

cells (Q97, Q25) 

Microfluidic chambers 

co-cultures, somal size 

analysis, imaging 

Expression of CCT subunits enhanced degradation of 

mutant HTT via UPS; rescued BDNF expression 

Deletion / 

Overexpression 
TRiC /CCT Tam et al., 2006 

Yeast (S. cerevisiae; 
Q103- or Q25-GFP) 

Cells (N2A, Q150; HeLa) 

Purified GST-Htt-exon1 

(Q18, Q51) 

Fluorescence 

microscopy; 

aggregation assays; GST 

pull downs;  

Depletion of TRiC subunits enhanced aggregation in 

yeast and mammalian cells. Overexpression of TRiC 

subunit (CCT1) remodeled aggregate morphology in 
vivo and in vitro and reduced toxicity. 
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Pharmacological modulation of chaperones 

Approach Compound Reference Model Method Study outcomes 

HSP90 
inhibition 

Geldanamycin 
(GA) Sittler et al., 2001 Cells (COS1, with 72Q) 

Immunoblotting, filter 

retardation assay, 

fluorescence 

microscopy 

GA increased expression of HSP40, HSP70 and HSP90 

(HSR activated) and inhibited exon 1 HTT aggregation in 

a concentration-dependent manner. HSP40 and HSP70 

colocalised with mutant HTT exon 1 in treated cells. 

Geldanamycin 
(GA), radicicol 

(RA), pyrollidine 
dithiocarbamate 

(PDTC) 

Hay et al., 2004 

Mice (R6/2) 

(organotypic 

hippocampal slice 

culture assay) 

Compounds added to 

medium at several 

concentrations 

(constant or pulsed 

dosing); Western 

blotting, IHC 

PDTC failed to induce the expression of HDJ1 or HSP70 

GA and RA induced the expression of HDJ1 (4 to 5-fold 

increase) and HSP70 

Treatment with RA or GA decreased aggregate load but 

transiently 

NVP-AUY992 Baldo et al., 2012 
Cells (HdhQ150 mouse 

ES and neurons, HN10, 

HEK93) 

Compound added to 

cultures; Western 

blotting; ubiquitination 

assays; TR-FRET 

NVP-AUY992 treatment reduced soluble full-length 

mutant HTT levels and increased mutant and WT HTT 

degradation via UPS by inhibiting the physical 

interaction HTT-HSP90 

NVP-HSP990 Labbadia et al., 2012 Mice (R6/2, HdhQ150) 

RT-qPCR, Western blot, 

Seprion ligand ELISA 

Behavioural assessment 

Increased protein levels of HSP 

Reduced mutant HTT aggregate load 

Improvement in Rotarod performance 

Geldanamycin (GA), 

radicicol (RA), 17-

AAG, celastrol (CL), 

geranyl 

geranylacetone 

(GGA), sodium 

butyrate (SB) 

Fujikake et al., 2008 

SCA3 Drosophila model 
(UAS-MJDtr-Q78, Q27), 

HD Drosophila model 

(UAS-Htt-Q128) 

IHD, fluorescence 

microscopy, survival 

analysis, Western 

blotting, RT-PCR 

17-AAG, GA and RA were effective at suppressing eye 

degeneration in flies in a dose-dependent manner. 17-

AAG also increased survival and suppressed inclusion 

body formation of polyQ proteins. 

17-DMAG, 17-
AAG, 

geldanamycin 
(GA) 

Herbst and Wanker, 
2007 

Cells (COS1; EGFP-

HD72Q) 

RT-PCR, Western blot, 

filter retardation assay, 

fluorescence 

microscopy 

Treatment of cells with 17-DMAG induced expression of 

HSP40, HSP70 and HSP105 and inhibited mutant HTT 

aggregation more efficiently than 17-AAG or GA 
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HSF1 
activation 

 

HSF1A Neef et al., 2010 

Yeast strains for the 

screen; cells (HeLa, 

PC12 expressing 

httQ74-GFP); SCA3 

Drosophila model (UAS-

MJDtr-Q78) 

HSF1A-biotin-

asscociated assays; 

immunoblotting; 

fluorescence 

microscopy, 

aggregation and 

cytoxocity assays… 

Yeast-based pharmacological screen to identify small 

molecule HSF1 activators found HSF1A, which was able 

to activate HSF1 and increase chaperone levels in cells 

and flies. HSF1A, by interaction with TRiC/CCT complex, 

reduced toxicity in flies and improved protein 

misfolding, reduced cell death in polyQ-expressing cells.  

F1 Calamini et al., 2012 

Cells (HeLa transfected 

with heat shock 

inducible reporter with 

HSP70 promoter; Hsf1-/-
 

MEFs; PC12 with 

HttQ74) 

C. elegans (Q35) 

EMSA 

RT-PCR 

Western blotting, IP 

Two high-throughput screening and characterisation of 

new proteostasis regulators that activate HSF1 (903,587 

compounds) in HeLa cells identified 263 hits and 14 

compounds were tested. F1 regulator was found to 

induce multiple stress response pathways with 

restorative effect on protein folding and suppressing 

aggregation in polyQ models. 

F1, celastrol Bersuker et al., 2013 Cells (U2OS Tet-on, 

HEK293 with HSE:GFP) 

Flow cytometry; EMSA; 

fluorescence 

microscopy 

Activation of HSR by HSF1 overexpression or treatment 

with celastrol or F1 exacerbated inclusion body 

formation 

HSP70 
activation 

SW02 (stimulates 
ATPase activity) Chafekar et al., 2012 Yeast (Q46, Q25); cells 

(PC12, Q103) 

Fluorescence 

microscopy; Western 

blotting; growth and 

ATPase activity assay; 

SDD-AGE, filter 

retardation assay 

Reduced aggregation but increased polyQ toxicity in the 

Q46 yeast model (no effect on Q25). No effect on polyQ 

toxicity in cells. SW02 did not elicit a stress response in 

yeast or cells. 

YM-1 (mimics 
HSP70 co-

chaperone Hip 
and accumulates 

HSP70) 

Pinho et al., 2021 

Cells (U2OS transfected 

to express EGFP-

HttEx1Q23 or Q74; 

PC12 with Q23, Q145) 

IP, Western blotting, 

fluorescent microscopy 

YM-1 treatment reduced N-terminal and full-length HTT 

aggregation (both interacted with HSP70) by increasing 

their proteasomal degradation. 

HSP70 
inhibition CE12 Chafekar et al., 2012 Yeast (Q46, Q25), cells 

(PC12, Q103) 

Fluorescence 

microscopy; Western 

blotting, growth assay, 

ATPase activity assay; 

SDD-AGE, filter 

retardation assay 

Increased aggregation but reduced toxicity in Q46 yeast 

model. Improved survival in cells. CE12 did not elicit a 

stress response in yeast or cells. 
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Abbreviations Table 1.1.: AGERA = agarose gel electrophoresis for resolving aggregates; Co-IP = co-immunoprecipitation; ELISA = enzyme-
linked immunosorbent assay; EMSA = electrophoretic gel mobility shift assay; FLIM = fluorescence lifetime microscopy; FRAP = fluorescence 
recovery after photobleaching; FRET = fluorescence resonance energy transfer; GFP = green fluorescent protein; GST = glutathione S 
transferase; HSE = heat shock element; HSP = heat shock protein; IHC = immunohistochemistry; IP = immunoprecipitation; MEF = mouse 
embryonic fibroblasts; MW = molecular weight; NMR = nuclear magnetic resonance; RNAi = RNA interference ; ROS = reactive oxygen species; 
RT-qPCR = real time quantitative PCR; SDD-AGE = semi-denaturating detergent agarose gel electrophoresis; SEC = size exclusion 
chromatography; SILAC-MS: stable isotope labelling by amino acids in cell culture based mass spectrometry; YFP = yellow fluorescent protein. 

 

 

  



1.7.4 Clearance and degradation of mutant and aggregated huntingtin 

Multiple studies have reported that proteostasis in general, and particularly protein 

clearance mechanisms, are compromised in HD (Waelter et al., 2001, Margulis and 

Finkbeiner, 2014; Soares et al., 2019; Harding and Tong, 2018). There is little evidence 

reported on the mechanisms by which mutant HTT is cleared from the cells (Jeong et 

al., 2009; Qi et al., 2012; Juenemann et al., 2013). It has been reported that mutant 

HTT can be initially tagged with ubiquitin for degradation (DiFiglia et al., 1997, 

Sieradzan et al., 1999; Juenemann et al., 2015) but the clearance machineries are 

disrupted by the sequestration of essential components of protein homeostasis into 

the aggregates (Shibata et al., 2006) or by inhibition of these processes by mutant 

HTT (Hipp et al., 2012; Martinez-Vicente et al., 2010).  

The UPS system is dysfunctional in HD and poly-ubiquitinated chains are found in the 

aggregated HTT proteins in HD cellular models (Verhoef et al., 2002) as well as animal 

models and patients (Bennett et al, 2007; Ortega and Lucas, 2014). 

The presence of mutant HTT also impairs the autophagic-lysosomal pathway 

(Martinez-Vicente et al., 2010; Menzies et al., 2017; Martin et al., 2014). Members or 

regulators of the autophagic-lysosomal pathway like mTOR or p62 were found to be 

contained in the aggregates of HD mice (Ravikumar et al., 2004) or in vitro (Bjorkoy 

et al., 2005). Mutant HTT can be targeted or processed by the autophagy system 

(Ravikumar et al., 2002, Qin et al., 2003) and the modulation of autophagy factors 

such as p62 has provided some contrasting results in HD. On one hand, the depletion 

of p62 was neuroprotective and decreased the levels of nuclear mutant HTT 

aggregates (Kurosawa et al., 2015), whereas other studies have reported that loss of 

p62 enhanced the mutant HTT toxicity (Bjorkoy et al., 2005; Saitoh et al., 2015). The 

stimulation of autophagy via inducers like rapamycin has also been studied in HD with 

positive results (Ehrnhoefer et al., 2018; Ravikumar et al., 2004; Berger et al., 2006; 

Sarkar et al., 2009).  
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1.8 Sirtuins in neurodegeneration and HD 

1.8.1 Characteristics and main functions of the sirtuin family 

The sirtuins, named after the Silent Information Regulator 2 (Sir2) described in yeast 

as a transcriptional repressor (Kaeberlein et al., 1999; Imai et al., 2000), are an 

evolutionary conserved group of enzymes that belong to the class III of histone 

deacetylases (HDAC).  

The sirtuin family is composed of seven members in mammalian cells which share a 

catalytic domain: SIRT1 to SIRT7, which can be localised in different subcellular 

compartments, sometimes determined by the cellular physiological conditions 

(Haigis and Sinclair, 2010; Frye, 2000). SIRT1, SIRT6 and SIRT7 are predominantly 

located in nuclear compartments (SIRT6 is associated with chromatin, SIRT7 within 

the nucleolus and SIRT1 can also shuttle to the cytoplasm to exert some functions 

[Tanno et al., 2007]); SIRT3, SIRT4 and SIRT5 are mitochondrial and SIRT2 is mainly 

cytoplasmic but has also been detected in the nucleus during mitosis (North and 

Verdin, 2007). Some reports have also debated the possibility of SIRT3 being 

translocated from nucleus to mitochondria under cellular stress conditions (Scher et 

al., 2007).  

Even though they are referred to as histone deacetylases, histones and deacetylation 

are not the exclusive target and enzymatic activity, respectively, of sirtuins. These are 

the most studied enzymatic activities in the sirtuin family:  

• Deacetylation: the most common enzymatic reaction, present in all sirtuins 

but with variable levels. 

• ADP-ribosylation: observed in SIRT3, SIRT4, SIRT6 (Nogueiras et al., 2012; 

Haigis et al., 2006; Michishita et al., 2008). 

• Demalonylation, desuccinylation: reported in SIRT5 and SIRT7 (Du et al., 2011; 

Li et al., 2016). 

• Decrotonylation: reported in histones by SIRT1, SIRT2 and SIRT3 (Bao et al., 

2014). 
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All of these enzymatic activities are dependent on the oxidised nicotinamide adenine 

dinucleotide (NAD+) (Imai et al., 2000), unlike the rest of the histone deacetylases 

(classes I, II and IV), whose activity is regulated by Zinc (Milazzo et al., 2020). The most 

common enzymatic reaction of deacetylation on specific lysine residues releases 

nicotinamide (NAM) and O-acetyl-ADP-ribose along with the deacetylated substrate 

(Imai et al., 2000; Tanner et al., 2000). The metabolic status of the cells heavily 

influences the activity of sirtuins. Under conditions of oxidative stress or nutrient 

deprivation, the ratio NAD+/NADH is high, which increases the presence of sirtuins 

and activates them (Xia et al., 2021). On the contrary, high concentrations of NAM 

inhibit the sirtuin reactions in a feedback regulation manner (Sauve et al., 2005, 2006; 

Bitterman et al., 2002).  

As substrates, sirtuins interact with and modulate the functions of a myriad of 

proteins such as transcription factors, protein kinases or histones, that are involved 

in processes like cell signalling and survival, transcription, circadian rhythms or 

metabolic regulation.   

SIRT2 is distributed ubiquitously, in relevant tissues like liver, adipose tissue, muscle 

or brain.  Along with its first reported role at deacetylating tubulin in the cytoplasm 

(Inoue et al., 2007a; North et al., 2003), SIRT2 is considered to function as a cell cycle 

regulator, especially during mitosis (North and Verdin, 2007; Inoue et al., 2007a,b) 

when it targets histones (H4 Lys16) or the mitotic checkpoint kinase BubR1 (North et 

al., 2014). In metabolism, SIRT2 appears to be involved in various aspects of lipid and 

glucose metabolism, targeting factors like PGC-a or FOXO1 (Gomes et al., 2015). 

Other pathways where SIRT2 exerts deacetylation are related to inflammation or 

oxidative stress, with targets like NF-kB p65 (Rothgiesser et al., 2010). 

The mitochondrial sirtuins (SIRT3, SIRT4, SIRT5) are implicated in the regulation of 

mitochondrial processes such as biogenesis, fusion/fission, mitophagy or 

mitochondrial respiratory machinery, therefore influencing the energy metabolism 

and the production of reactive oxygen species (ROS) and antioxidants. They are also 

thought to be associated with the regulation of cholesterol and fatty acid synthesis. 
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(Nogueiras et al., 2012; Shi et al., 2005; Min et al., 2019; Kumar and Lombard, 2018; 

Haigis et al., 2006). SIRT3 targets key enzymes of all these metabolic pathways like 

acetyl CoA synthetase 2 (AceCS2), isocitrate dehydrogenase 2 (ICDH2) or manganese 

superoxide dismutase (MnSOD) (Nogueiras et al., 2012). SIRT4 main target is 

glutamate dehydrogenase (GDH) in pancreatic cells (Haigis et al., 2006), as well as 

others like malonyl-CoA decarboxylase (MCD) or pyruvate dehydrogenase (PDH), 

involved in fatty acid biosynthesis and glycolysis, respectively (Betsinger and Cristea, 

2019). Glucose metabolism enzymes, like pyruvate dehydrogenase (PDH), GAPDH, or 

others like carbamoyl phosphate synthetase 1 (CPS1) involved in the urea cycle, are 

targeted by SIRT5 (Kumar and Lombard, 2018). 

Studies on SIRT6 have revealed roles in DNA repair under oxidative stress as an ADP-

ribosyltransferase and, mainly, as a histone deacetylase to modulate chromatin 

condensation and transcription, with effects on cellular processes like glycolysis (Liszt 

et al., 2005; Michishita et al., 2008; Chang et al., 2020). 

SIRT7, in the nucleolus, is implicated in genome stability, transcriptional activation, 

ribosome biogenesis and RNA processing, via interaction with substrates like RNA 

polymerase I, histones and transcription factors (Ford et al., 2006; Blank and 

Grummt, 2017). 

A more detailed description of SIRT1 is given in the next section. 

Sirtuins are considered to be implicated in an array of pathologies such as cancer, 

inflammation, diabetes, cardiovascular and neurodegenerative diseases and, 

therefore, are a therapeutic target of interest (Chalkiadaki and Guarente, 2015; 

Donmez and Outeiro, 2013). 

Table 1.1 summarises the intracellular localisations, main enzymatic reactions and 

targets of the sirtuin family members.



 

TCA = tricarboxylic acid cycle; FOXO = forkhead box O transcription factor; NF-kB = nuclear 
factor kappa enhancer binding protein; PGC-1a = peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha ; PPAR-g = peroxisome proliferator-activated receptor gamma; 
UCP2 = uncoupling protein 2; LXR = liver X receptor; BubR1 = mitotic spindle checkpoint 
protein BUBR1; MnSOD = manganese superoxide dismutase; AceCS2 = Acetyl CoA synthetase 
2; ICDH2 = isocitrate dehydrogenase;  GDH = glutamate dehydrogenase;  MCD = malonyl CoA 
decarboxylase; PDH = pyruvate dehydrogenase; CPS1 = Carbamoyl phosphate synthase 1; 
GAPDH = glyceraldehyde 3-phosphate dehydrogenase; PARP-1 = poly ADP ribose polymerase 
1 ; HIF1a = hypoxia-inducible factor 1-alpha; GCN5 = general control non-repressed 5; PAF53 
= RNA polymerase associated factor 53; U3-55k = U3 small nucleolar RNA protein specific 
component.

Table 1.2. Members of the sirtuin family, their intracellular location, main 
enzymatic activities, targets and cellular processes where they are implicated. 

Member Intracellular 
localisation 

Enzymatic 
activities Main targets Cellular processes 

SIRT1 

Nucleus / 
cytoplasmic 
(shuttling) 

 

Deacetylation 
Decrotonylation 

P53, FOXO-3a, 

NFkB-p65, PGC-1a, 

PPAR-g, UCP2, LXR, 

Histones (H1K27; H3 

[K9, K14, K18, K56] 

H4 [K12, K6]), 

Ku70… 

Cell survival; 

calorie restriction; 

glucose, fatty acid 

and energy 

metabolism; 

protein stress 

response… 

SIRT2 
Cytoplasm 

(may shuttle 
to nucleus) 

Deacetylation 
Decrotonylation 

BubR1 (mitotic 

kinase), tubulin, 

Histone H4K16; 

FOXO1, NF-kB p65… 

Cell cycle 

regulation; lipid / 

glucose 

metabolism, 

oxidative stress  

SIRT3 Mitochondria 
Deacetylation 

Decrotonylation 

ADP-ribosylation 

FOXO-3a, MnSOD, 

AceCS2, ICDH2, 

Ku70… 

Mitochondrial 

processes, energy 

metabolism, TCA 

cycle… 

SIRT4 Mitochondria 
ADP-ribosylation 

Deacetylation 

Lipoamidase 

GDH, MCD, PDH… 

TCA cycle, fatty 

acid synthesis, 

glycolysis… 

SIRT5 Mitochondria, 
cytoplasm 

Deacetylation 
Demalonylation 
Desuccinylation 

CPS1, PDH, GAPDH… 

Lipid metabolism, 

urea cycle, TCA 

cycle, glycolysis… 

SIRT6 
Nucleus 

(associated to 
chromatin) 

Deacetylation 
ADP-ribosylation 

PARP-1; histones 

(H3K9, H3K56); DNA 

repair enzymes; 

HIF1a, GCN5… 

DNA repair, 

chromatin 

regulation, glucose 

metabolism…  

SIRT7 
Nucleus 

(nucleolus) 
Deacetylation 

Desuccinylation 

RNA polymerase I, 

U3-55k, PAF53, 

histone H3… 

rDNA 

transcription, RNA 

processing, 

genome stability… 

 



1.8.2 SIRT1: characteristics, implications in cellular processes and main targets 

Specifically, the focus of this thesis relies upon SIRT1. Among all the sirtuins, SIRT1 is 

the most extensively studied. It is mainly a nuclear protein, however, depending on 

its activity, it may shuttle to the cytoplasm thanks to its nuclear export signals (Tanno 

et al., 2007). It is expressed ubiquitously across the majority of mammalian tissues, 

including liver, heart, muscle, pancreas, adipose tissue and brain.  

SIRT1, through its primary enzymatic reaction (lysine deacetylation), interacts and 

modifies the functions of a wide spectrum of substrates, which, consequently, will 

affect significant physiological processes as diverse as energy metabolism, cell 

survival, inflammation or protein homeostasis (Herskovits and Guarente, 2014; 

Stünkel and Campbell, 2011; Nogueiras et al., 2012). 

SIRT1 has roles in the modulation of DNA repair, epigenetic regulation and chromatin 

changes via deacetylation of histones (H1, H3 and H4) or proteins involved in the DNA 

damage response and cell survival such as Ku70, FOXO3a or p53 (Vaquero et al., 2004; 

Brunet et al., 2004). The deacetylation of histones regulates chromatin condensation 

and, therefore, transcriptional activity. The deacetylation of p53 decreases its 

transcription level and, along with regulation of FOXO3a factor, has a pro-survival and 

anti-apoptotic effect, important in cell cycle regulation and also linked to 

tumorigenesis and aging (Brunet et al., 2004; Luo et al., 2001; Vaziri et al., 2001; 

Langley et al., 2002). 

SIRT1 functions in energy metabolism, fatty acid oxidation and glucose homeostasis 

are facilitated by its interaction with important factors like PGC-1a, UCP2, FOXO 

transcription factors (FOXO3a, FOXO1 and FOXO4) and PPAR-g, mainly in tissues like 

liver, white adipose tissue, pancreas and skeletal muscle. The deacetylation of these 

substrates stimulates gluconeogenesis during fasting or low glucose environment 

and decreases glycolysis (Rodgers et al., 2005, 2007). In line with this, SIRT1 role in 

mediating calorie restriction has been extensively investigated as a mechanism to 

promote cell survival and extend lifespan. Numerous reports indicated that the 
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activation or overexpression of SIRT1 in mice decreased cholesterol levels (by 

targeting LXR receptors that regulate cholesterol homeostasis [Li et al., 2007]) and 

increased fat mobilisation (by deacetylating PPAR-g) (Bordone et al., 2007; Picard et 

al., 2004; Cohen et al., 2004; Chen et al., 2008).  

The role of SIRT1 in protein homeostasis is focused on HSF1 regulation during the 

heat shock response.  Direct regulation of HSF1 by SIRT1 (Westerheide et al., 2009) 

prolongs HSF1 binding to the promoters of heat shock genes, as covered in section 

1.7.2.1. The link between SIRT1 and proteostasis is also supported by studies on the 

detrimental heat shock response and collapse of proteostasis observed in aging (Liu 

et al., 2014; Tomita et al., 2015; Raynes et al., 2013). 

1.8.2.1 Regulation of SIRT1 

Small molecules to pharmacologically modulate SIRT1 activity have been synthesised 

and investigated (Dai et al., 2018). Among the inhibitors, sirtinol, EX-527 or NAM are 

included. As activator compounds, or so-called STACs (Sirtuin Activating Compounds) 

resveratrol, SRT1720 or quercetin have been identified (Kaeberlein et al., 2005; Ajami 

et al., 2017). Particularly, resveratrol, a natural polyphenol extracted from wine, has 

been widely studied and shown to have effects of lifespan extension and 

neuroprotection (Howitz et al., 2003; Albani et al., 2010).  

Some endogenous regulators of SIRT1 have also been described: AROS (active 

regulator of SIRT1) which activates SIRT1 function (Lakshminarasimhan et al., 2013), 

or DBC1 (deleted in breast cancer 1) which inhibits SIRT1 production (Escande et al., 

2010; Kim et al., 2008). Both interact with SIRT1 by binding to the N-terminus, with 

opposite effects. Additionally, SIRT1 can also be regulated by phosphorylation (Sasaki 

et al., 2008) by protein kinases such as AMPK (Lau et al., 2014), JNK1 (Nasrin et al., 

2009) or CK2 (Choi et al., 2017).  

Figure 1.6 illustrates the main physiological roles where SIRT1 is involved, highlighting 

some of the main targets as well as regulators of its activity.  
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Figure 1.6. SIRT1 main substrates, roles in physiology and regulators of its activity. 
SIRT1 plays important roles in cellular processes that affect a variety of tissues, 
through deacetylation of targets (in yellow boxes) that are implicated in these 
processes, as indicated. SIRT1 can be regulated through the levels of 
NAD+/NADH/NAM, activated by resveratrol or AROS and repressed by DBC1. 
Image adapted from a figure in Haigis and Sinclair, (2010); reproduced with 
permission. DBC1: deleted in breast cancer 1; AROS: active regulator of SIRT1; 
NAD+/NADH: nucleotide adenine dinucleotide (oxidised/reduced); NAM: 
nicotinamide; CNS: central nervous system; WAT: white adipose tissue. 

 

1.8.3 SIRT1 as a therapeutic target in neurodegeneration and Huntington’s 
disease 

SIRT1 has been investigated as target of interest in neurodegenerative diseases such 

as AD, PD, ALS and HD (Herskovits and Guarente, 2013; Langley and Sauve, 2013).  

Specifically in HD, SIRT1 has been evaluated as a potential factor to slow down the 

disease progression, with contrasting results (Duan, 2013; Naia and Rego, 2015; Neo 

and Tang, 2018). Some studies have reported a neuroprotective effect of SIRT1 
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overexpression or enhancement by resveratrol treatment in HD: rescue of 

dysfunctional phenotype in nematodes and reduced apoptosis in neurons derived 

from HdhQ111 knock-in HD mouse models (Parker et al., 2005), improved motor 

function and reduction of brain atrophy in HD mouse model N171-82Q (Jiang et al., 

2012) and extended survival and lower aggregation level in HD R6/2 mice (Jeong et 

al., 2012). On the contrary, another study by Pallos et al. (2008) reported that in 

Drosophila models of HD, the reduction of SIRT1 led to an amelioration of HD 

phenotype. Similar results were obtained by Smith et al. (2014) in Drosophila and in 

vitro models, and in HD R6/2 mice that, after administration of a SIRT1 inhibitor, 

showed alleviation of symptoms and prolonged survival.  In other studies, such as the 

study by Ho et al. (2010) in the N171-82Q model of HD, the outcome was inconclusive 

as SIRT1 activation did not prolong survival but led to improved motor deficits.  

Jiang et al. (2012) also revealed that mutant HTT interacts with SIRT1 and inhibits its 

deacetylating function and pro-survival effect due to hyperacetylation of substrates 

like FOXO3a. Recently in our group, Tulino et al. (2016) reported a regulatory 

mechanism of SIRT1 induction that is impaired in two mouse models of HD, R6/2 and 

HdhQ150. These mice show a downregulated SIRT1 activity caused by the presence 

of mutant HTT, that alters the phosphorylation levels of SIRT1.   

 

1.9 Modelling Huntington’s disease for research 

Numerous cellular and animal models of HD have been generated as tools to 

understand HD pathology as well as to screen and test novel therapeutic compounds. 

The development of a variety of HD models has been facilitated by the monogenic 

nature and dominant pattern of inheritance of the HD mutation. 
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1.9.1 Cellular models of HD 

Patients-derived fibroblasts or stem cells (induced pluripotent stem cells [iPSCs] or 

embryonic stem cells [ESCs]), or different cell types derived from rodents (e.g., mouse 

embryonic fibroblasts [MEFs], neurons) (Geater et al., 2018). 

1.9.2 Non-mammalian models of HD 

Caenorhabditis elegans nematodes, zebra fish, Drosophila melanogaster flies or 

Saccharomyces cerevisiae yeast have been genetically engineered to express HTT 

with a polyQ expanded tract (Chongtham et al., 2018). 

1.9.3 Rodent models of HD 

These are by far the most extensively used models in HD research. Although there 

are some rat models of HD (BACHD or Tg51 [Yu-Taeger et al., 2012; Von Hörsten et 

al., 2003]), there are many more mouse models that have been widely applied to 

understand the basis of HD pathogenic mechanisms in vivo and to assess potential 

therapeutic compounds. The genomic similarities between mice and humans, the 

reliable and relatively easy methods of genetic manipulation and reduced costs are 

some of the benefits associated with these. Diverse strategies have been followed to 

obtain genetic mouse models of the disease (Farshim and Bates, 2018).  

1.9.3.1 Transgenic mouse models 

These models carry a transgene of the human HTT gene; either a 5’ region that would 

produce N-terminal fragments of HTT (N-terminal fragment models), or the whole 

HTT gene with the expanded CAG repeat to generate a mutant version of the full-

length HTT (full-length models). A non-exhaustive list of the most used models of 

both types can be found in Table 1.3.   



Table 1.3. Transgenic mouse models of HD. 

Model Promoter Genetic construct CAG repeat 
length Background Phenotype References 

Transgenic N-terminal fragment models 

N171-82Q 
Prion promoter 

(mouse) 

cDNA with first 171 
amino acids of human 

HTT plus 82 CAGs 
82 B6C3H 

Lifespan: ~6 months 
Presence of aggregates, loss of 
coordination, tremor, clasping 

Schilling et al., 1999 
Luthi-Carter et al., 2000 

R6/1 

HTT (human) Exon 1 of human HTT 

115 mixed 
Weight loss, motor 

impairment, presence of 
inclusions… 

Mangiarini et al., 1996 
Rattray et al., 2013 
Naver et al., 2003 

R6/2 

~141-157 
B6CBAF1 

mixed 

End-stage: 14-15 weeks 
Motor impairment (5-6 

weeks) 
Weight loss 

Mangiarini et al., 1996 
Carter et al., 1999 

Luthi-Carter et al., 2000 
Davies et al., 1997 

Li et al., 1999 

~200 B6CBAF1 

End-stage: 14 weeks 
Motor deficits (8 weeks) 
Brain atrophy (8 weeks) 

Weight loss 

Mangiarini et al., 1996 
Rattray et al., 2013 
Landles et al., 2020 

Sathasivam et al., 2010 
Ribchester et al., 2004 

~90 B6CBAF1 
End-stage: 24 weeks 

Motor deficits (12 weeks) 
Mangiarini et al., 1996 

Landles et al., 2020 
Transgenic full-length models 

YAC128 
Full-length human HTT gene (with HTT 

promoter) inserted by YAC 

~125 (with interrupting 
CAACAG sequences) 

FVB/N 
C57BL/6 

Brain atrophy (9 months) 
Motor deficits (6 months) 

Increased body weight 

Slow et al., 2003 
Van Raamsdonk et al., 2005 

Pouladi et al., 2012 

BACHD 
Full-length human HTT gene (with HTT 

promoter) inserted by BAC 
~97 (mixed CAA-CAG) FVB/N 

C57BL/6 
Motor deficits, brain atrophy 

Increased body weight 
Gray et al., 2008 

Pouladi et al., 2012 
BAC-CAG   ~120 (plus CAA near 3’)  In development 

 



• Transgenic N-terminal fragment models: 

This category includes models from the R6 line, R6/1 and R6/2, and N171-82Q.  N171-

82Q mice were generated by inserting a cDNA that expresses the first 171 amino 

acids of human HTT with 82 CAGs, under the control of the mouse prion promoter 

(Schilling et al., 1999). Their phenotype is similar to the R6/2 model and lifespan is 

around 6 months. R6/1 and R6/2 are the most widely used mouse models of HD. They 

contain a copy of a human HTT fragment, with a HTT promoter and exon 1 and 200 

bp of intron 1 (Mangiarini et al., 1996) which is translated to produce an exon 1 HTT 

protein; the R6/1 and R6/2 initially carried 115 and 150 CAGs, but this number 

increased through gametic transmission via males and there is a variety of CAG 

repeat lengths. R6/2 is the best characterised model; they present a rapidly 

progressing phenotype, with aggregate pathology (Li et al., 1999; Davies et al., 1997) 

and a short lifespan. A recent comparative study by Landles et al. (2020), described 

differences between two R6/2 lines with either 90 or 200 CAGs. R6/2(CAG)200 end-

stage is reached at around 14 weeks of age whereas R6/2(CAG)90 reach end-stage by 

24 weeks of age. Behavioural analysis indicated the start of motor impairment by 12 

weeks of age in R6/2(CAG)90 and 8 weeks in R6/2(CAG)200 (Landles et al., 2020), which 

is correlated with brain volume changes (Rattray et al., 2013), and as early as 5 - 6 

weeks for some behavioural tests in R6/2 carrying 141-157 CAGs (Carter et al., 1999). 

Aggregation in the nucleus appears by 4 weeks of age in R6/2(CAG)90, which 

correlates with the start of transcriptional dysregulation, whereas in R6/2(CAG)200 the 

aggregation is more cytoplasmic and correlates with the progression of behavioural 

deficits (Landles et al., 2020). Alterations in synaptic plasticity or peripheral 

abnormalities have also been described in this model (Murphy et al., 2000; 

Ribchester et al., 2004). Both R6/1 and R6/2 lines show CAG repeat instability (Gonitel 

et al., 2008). The differences observed in R6/2(CAG)200 and R6/2(CAG)90 are related 

to the CAG repeat length, which is associated with a progressively less severe 

phenotype as it expands beyond 200 CAGs (Morton et al., 2009). As discussed before, 

the R6/1 and R6/2 models are representative of the incomplete splicing between 

exon 1 and 2 of HTT gene, that occurs in Hdh knock-in mice, YAC128 mice (Sathasivam 

et al., 2013) and HD patients (Neueder et al., 2017). 
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• Transgenic full-length models 

These mice contain the entire CAG-expanded HTT gene that has been inserted via 

yeast artificial (YAC) or bacterial artificial (BAC) chromosome. The YAC128 mouse 

(Slow et al., 2003) contains several copies of the HTT gene and a CAG repeat, that 

contains two interrupting (CAA)3CAGCAA sequences at positions 24 and 109, encodes 

125 glutamines. These mice display cortical and striatal atrophy by 9 - 12 months of 

age, striatal loss, motor and cognitive impairments by 6 - 8 months of age, presence 

of aggregates in brain (by 18 months of age) and increased body weight (Slow et al., 

2003; Van Raamsdonk et al., 2005a, 2005b; Brooks et al., 2012; Bayram-Weston et 

al., 2012). BACHD mice were generated by Gray et al. (2008); they contain a modified 

version of the human mutant HTT with 97 mixed CAA-CAG repeats in exon 1.  

The presence of CAGCAA sequences within the CAG repeats in both YAC128 and 

BACHD make them stable to CAG expansion, both somatically and during meiotic 

transmission. For this reason, they cannot be used in studies involving somatic 

instability. In line with this, a novel mouse model, BAC-CAG, has been generated that 

might be useful in this type of studies; it contains a tract of 120 CAGs, which is 

unstable, a CAA interruption followed by another 10 CAGs. This line is currently under 

characterisation.  

1.9.3.2 Knock-in mouse models 

These mice were obtained by inserting a CAG repeat expansion of variable sizes into 

the endogenous mouse Htt gene.  

Lin et al. (2001) generated a HdhQ150 mouse in which the mouse (CAG)2CAA(CAG)4 

sequence was replaced with 150 CAGs. The lifespan for homozygous HdhQ150 mice 

is about 22 months of age, when they display similar phenotypes to late-stage R6/2 

mice (Woodman et al., 2007; Sathasivam et al., 2010). Studies have shown motor 

deficits in homozygous HdhQ150 mice (starting by 36 weeks of age), cognitive 

dysfunction by 94 weeks of age and brain volume differences by 15 weeks of age 
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(Woodman et al., 2007; Rattray et al., 2017). The presence of aggregates is evident 

by 5 - 6 months of age (Bayram-Weston et al., 2012; Woodman et al., 2007; Landles 

et al., 2010). 

Another strategy used to obtain knock-in mice was to replace exon 1 of the mouse 

Htt gene with human exon 1 HTT containing variable CAG repeat sizes. Two allelic 

series have been described with this approach: one was developed by Wheeler et al. 

(1999, 2000) whose genetic construct additionally contained 268 bp of human intron 

1 instead of the 124 bp of mouse intron 1. HdhQ92 and HdhQ111 were reported to 

have nuclear deposits and are commonly used in studies of somatic instability 

(Wheeler et al., 1999, 2000). The CAG140 line was also developed, in which, in 

addition to human exon 1 HTT, 94 bp of mouse intron 1 was replaced with 10 bp of 

human intron 1, and a neo cassette was inserted upstream from the Htt gene 

(Menalled et al., 2003). The expansion of the CAG repeat in these mice led to the 

generation of the zQ175 line (Heikkinen et al., 2012; Menalled et al., 2012), which 

was later modified to obtain the zQ175 Delta Neo mouse line (Franich et al., 2019), 

lacking the neo cassette. zQ175 knock-in mice have been widely used and aggregates 

can be detected in the striatum and cortex from 4 months of age, brain atrophy by 3 

- 4 months of age, behavioural deficits from 4.5 months of age and synaptic and 

neurotransmission impairment (Carty et al., 2015; Heikkinen et al., 2012; Menalled 

et al., 2012; Peng et al., 2016; Smith et al., 2014). 

 Table 1.4 summarises the details on the main knock-in HD mouse models. 

  



 

 

 

Table 1.4. Knock-in mouse models of HD. 

Model Promoter Genetic construct CAG repeat length Background Phenotype References 

CAG140 Mouse Htt 

Chimeric; human HTT 

exon 1 / mouse Htt 

140-150 C57BL/6  Menalled et al., 2003 

zQ175 Mouse Htt 180-200 C57BL/6 
End-stage: ~20 months 

Aggregates (4 months) 

Brain atrophy 

Cognitive/motor deficits (4-5 

months) 

Heikkinen et al., 2012 

Menalled et al., 2012 

Smith et al., 2014 

Carty et al., 2015 

Peng et al., 2016 

zQ175DN Mouse Htt zQ175 with 5’ Neo 

cassette removed 
180-200 C57BL/6 Franich et al., 2019 

HdhQ150 Mouse Htt CAG expansion into exon 1 

of mouse Htt 150 
C57BL/6 

CBA/Ca 

End-stage: 22 months 

Aggregates (5-6 months) 

Brain atrophy 

Motor/cognitive dysfunction 

Lin et al., 2001 

Woodman et al., 2007 

Bayram-Weston et al., 2012 

Rattray et al., 2017 

Sathasivam et al., 2013 

Sathasivam et al., 2010 

HdhQ92 

HdhQ111 
(Part of 

allelic series) 

Mouse Htt Chimeric; human/mouse 

exon 1 

92 

111 
C57BL/6 Somatic instability 

Wheeler et al., 2000 

Wheeler et al., 1999 

 



1.9.4 Large animal models of HD: sheep, minipigs, non-human primates 

The need for models of HD in higher species other than rodents is correlated with the 

low success in translation from research in rodents to preclinical or clinical stages in 

humans, especially when it comes to therapeutic compounds. There may be aspects 

of metabolism or blood-brain barrier penetrance in rodents, as well as differences in 

brain size and organisation between the two species, that may be poorly 

representative of the human context. The short lifespan in rodents (approximately 2 

- 2.5 years) also restricts the extension of studies. These limitations may be overcome 

using larger species that have longer lifespans and more anatomical and genetic 

similarities with humans, which can make research more translatable to humans 

(Morton and Howland, 2013; Howland et al., 2020). A list of these large models of HD 

can be found in Table 1.5. 

1.9.4.1 Sheep model 

The transgenic sheep model of HD, called OVT73, was generated by microinjection of 

a cDNA to express the full-length human HTT gene carrying 73 CAGs, under the 

control of human HTT promoter (Jacobsen et al., 2010). Their larger brain size makes 

them interesting for HD research involving MRI or drug delivery into the brain, to 

assess the biodistribution of compounds. A collaborative project to study their 

phenotype reported that the presence of HTT aggregates was evident in cortical brain 

by 18 months of age (Reid et al., 2013). They also showed metabolic dysregulation by 

5 years of age, (Handley et al., 2016) and circadian rhythm and sleep pattern 

abnormalities were detected by 18 months and worsening with age (Morton et al., 

2014).  

1.9.4.2 Minipig models 

The viable transgenic HD minipigs were obtained by lentiviral transduction of porcine 

embryos with a vector containing the human HTT cDNA to encode for the first 548 

amino acids of HTT protein with a CAGCAA repeat encoding 145 glutamines, under 

the control of human HTT promoter (Baxa et al., 2013).  Follow-up studies revealed 
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motor, cognitive and behavioural deficits from 4 - 5.9 years of age (Baxa et al., 2019), 

accumulation of mutant HTT aggregates at 48-month-old minipigs and cell loss at 

caudate nucleus, putamen and cortex by 60 - 70 months of age (Ardan et al., 2019). 

Yan et al. (2018) also generated a knock-in pig model via CRISPR (clustered regularly 

interspaced short palindromic repeats)/Cas9 technology, by replacing the 

endogenous pig Htt exon 1 with the human HTT exon 1 with 150 CAGs. These pigs 

have an unstable CAG repeat, presence of aggregates, reduced brain size and motor 

impairment observed by 5 months of age, with severe respiratory difficulties (Yan et 

al., 2018).  

1.9.4.3 Non-human primate models 

Non-human primates such as monkeys (Rhesus macaque) have similar genomes and 

brain sizes and complexity as humans. Although they may be advantageous for some 

aspects of HD research, for instance, investigating cognitive symptoms or behaviour, 

the ethical issues and expensive costs on the generation and maintenance of these 

HD monkey models make their use very limited.  There are some HD monkey models 

expressing a human HTT fragment, inserted through a lentivirus approach: one model 

was obtained via direct injection of the HTT171-82Q fragment into the striatum, and 

was showing aggregates and motor symptoms of the disease (Palfi et al., 2007); 

another transgenic model was generated via microinjection of a fragment with 84Q 

into the oocytes and brain sections analyses indicated the presence of HTT inclusions 

(Yang et al., 2008). A review of these and more recent developments can be found in 

Aron Badin, (2018). 



 

1.9.5 Considerations and selection criteria of the HD models 

It is important to realise that no specific model of HD will be fully representative of 

the human condition or could be applied in all the scientific contexts. As HD models 

will be able to recapitulate only certain characteristics of the disease, the election of 

an appropriate model is essential when designing a research experiment. The 

selection criteria will be guided by the specifications of the research as well as the 

molecular and phenotypic characteristics of each HD model (Pouladi et al., 2013). 

 

Table 1.5. Large animal models of HD. 

Model Genetic 
construct 

CAG 
repeat 
length 

Phenotype References 

Sheep 

OVT73 
(transgenic) 

Full-length 

HTT with 73 

CAGs under 

control of 

human HTT 
promoter 

73 

Lifespan: 10 - 15 years 

Aggregates by 18 

months of age 

Metabolic dysregulation 

Sleep/circadian 

abnormalities 

Jacobsen et al., 2010 

Reid et al., 2013 

Morton et al., 2014 

Handley et al., 2016 

Minipigs 

First 548 

amino acids of 

human HTT 

with 145 

CAGCAA 

repeats 

(Transgenic) 

145 

(mixed 

CAGCAA) 

Lifespan: 12 - 15 years  

Motor, cognitive and 

behavioural impairment 

(4 - 5.9 years) 

Aggregates in brain (60 -

70 months) 

Baxa et al., 2013 

Baxa et al., 2019 

Ardan et al., 2019 

 

Human HTT 

exon 1 with 

150 CAGs 

(Knock-in) 

150 (CAG 

repeat is 

unstable) 

Loss of medium spiny 

neurons 

Motor impairment 

Reduced brain size 

(5 months) 

Yan et al., 2018 

Non-human 
primates 

Exon 1 of HTT 
plus 82-84 

CAG repeats 

under control 

of 

ubiquitination 

promoter 

82 - 84 

Lifespan: ~6 months 

Presence of inclusions in 

brain, dystonia, chorea 

Palfi et al., 2007 

Yang et al., 2008 
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1.10 Therapeutics in Huntington’s disease 

So far, there are no disease-modifying therapies for HD and the treatments available 

focus on the relief of motor and psychiatric symptoms. Currently, the main 

therapeutic strategies under investigation aim to lower HTT expression (targeting 

either DNA, RNA or protein) through different approaches. A significant effort is also 

directed towards the exploration of biomarkers to assess novel therapies. 

1.10.1 Huntingtin lowering  

Given that pathology of HD is greatly associated with the toxic gain of functions 

conferred by the mutant HTT protein, therapeutic strategies have been and are 

currently being pursued to target CAG-expanded HTT and reduce the mutant HTT 

production (Wild and Tabrizi, 2017; Tabrizi et al., 2019) or enhance mutant HTT 

clearance (Barker et al., 2020). The different strategies are represented in Figure 1.7. 

1.10.1.1 DNA and RNA targeting approaches to reduce HTT expression 

• DNA-targeting strategies: Zinc finger proteins (ZFPs) and CRISPR/Cas9 system 

directly interact with HTT DNA.  

ZFPs (Klug, 2010), intracranially delivered via a viral vector, act on DNA by 

modulating gene expression through nucleases (ZFNs, transcription activator-

like effector nucleases [TALENs]) or transcription factors. They can bind to 

specific DNA sequences of interest, such as the CAG tract, and have provided 

positive results in animal (Zeitler et al., 2019) or cell (Garriga-Canut et al., 

2012) models of HD.  

The application of CRISPR/Cas9 system in HD is still in early development 

(Vachey and Déglon, 2018). The Cas9 RNA-guided nuclease cleaves DNA in 

specific sites. For HTT gene editing, it has been tested to excise the CAG repeat 

tract to correct the mutation or inactivate the mutant HTT allele in HD patient 

fibroblasts (Dabrowska et al., 2018; Shin et al., 2016) or BACHD mouse model 

(Yang et al., 2017). These approaches potentially could be applied to all HD 

gene mutation carriers with long-term effects from a single administration, 
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however, the invasive administration methods, irreversibility and the 

possibility of targeting other genes with CAG repeats are some of the 

concerns. 

 

• RNA-targeting strategies: there are non-selective (targeting both wild-type 

and mutant HTT) and selective approaches that only target mutant HTT.  They 

include antisense oligonucleotides (ASO), small interference RNAs (siRNAs) or 

artificial microRNAs (miRNA). All these approaches aim to degrade HTT RNA 

or suppress HTT translation by targeting HTT RNA (mRNA or pre-mRNA) by 

sequence complementarity.  

siRNAs and miRNAs target HTT mRNA when it is mature and spliced. As they 

do not cross the blood-brain barrier, they would be delivered via adenovirus-

associated (AAV) viral vectors or liposomes, among others. Studies on mouse 

models (Harper et al., 2005; Wang et al., 2005; DiFiglia et al., 2007), cells 

(Chen et al., 2005) and minipigs (Evers et al., 2018) using these approaches 

gave evidence on significant and widespread reductions of mutant HTT mRNA 

levels. 

ASOs (Bennett et al., 2019) are short oligonucleotides that bind to HTT pre-

mRNA; after ASO binding, the complex formed by ASO and HTT pre-mRNA 

would be degraded by ribonuclease H1 (RNase H1). Some studies on animal 

models indicated amelioration of symptoms with a sustained effect (Stanek 

et al., 2013; Kordasiewicz et al., 2012). 

The first HTT lowering clinical trial run in HD patients, used an ASO drug, 

IONIS-HTTRx or RG6042, developed by Ionis Pharmaceuticals. It was 

administered to 46 HD patients at early stages of the diseases, by intrathecal 

administration into the cerebrospinal fluid (CSF) via lumbar puncture. The 

outcomes of the phase I/IIa clinical trial were encouraging and showed high 

levels of safety and tolerability with dose-dependent HTT reductions in CSF 

samples (Tabrizi et al., 2019). The trial continued to phase III, sponsored by 

Roche; however, unfortunately, due to potential benefit/risk issues, it was 
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terminated early in March 2021. Other trials with similar approach are 

currently in development (Rodrigues and Wild, 2020). 

Some disadvantages are associated with lowering wild-type HTT. As previous studies 

suggested, HTT is important during development as well as other cellular functions 

(Saudou and Humbert, 2016). Also, the deletion of HTT is embryonically lethal in mice 

(Nasir et al., 1995; Zeitlin et al., 1995) and, therefore, the consequences of reducing 

wild-type HTT are unknown (Liu and Zeitlin, 2017). Considering this, the approaches 

to selectively lower mutant HTT seem to be a safer strategy. On the other hand, HTT 

ablation is not deleterious in adult mice (Wang et al., 2016). Therefore, a high level 

of HTT reduction (over 50 %) may not be detrimental either in adult patients, as 

suggested by studies in humanised mouse models expressing the human HTT gene 

(Southwell et al., 2018). It is possible that a partial knockdown rather than complete 

suppression of HTT may have more beneficial effects, as wild-type HTT would 

continue to be sufficiently available to exert its cellular functions. This non-selective, 

partial reduction of HTT has also been shown to be safe and have beneficial effects 

in mice (McBride et al., 2008) and non-human primates (McBride et al., 2011). 

1.10.1.2 Modulation of autophagy and UPS to promote HTT degradation 

At the protein level, some strategies have been developed to promote mutant HTT 

degradation via autophagy or the UPS system (Barker et al., 2020; Figure 1.7). As seen 

earlier, HTT protein may be targeted for autophagy (Ravikumar et al., 2002) and 

recently, some compounds, called autophagosome-tethering compounds or ATTECs, 

have been developed that can facilitate interaction between mutant HTT and 

autophagosome component LC3 and enhance its clearance via autophagy (Li et al., 

2019). Some of their advantages include efficient blood-brain barrier penetration and 

selective degradation of mutant HTT but not wild-type HTT.  

Another approach is the application of proteolysis-targeting chimeras or PROTACs to 

promote the artificial ubiquitination of targets and the subsequent degradation by 

UPS system (Gu et al., 2018). PROTAC molecules are formed by a ligand that recruits 
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E3 ubiquitin ligase, a chemical linker and then, another ligand that binds to the target 

protein, in this case, mutant HTT. Evidence of success has been reported in HD patient 

fibroblasts (Tomoshige et al., 2017). 

 

Figure 1.7. Huntingtin lowering strategies. 
There are diverse therapeutic approaches to lower HTT, each one represented 
in pink boxes. The expanded CAG repeat/polyQ that is targeted is represented 
by yellow boxes. Image from Tabrizi et al., (2019), reproduced with permission. 
ZFP: zinc finger protein; TALENs: transcription activator-life effector nuclease; 
RNAse H: ribonuclease H; ASO: antisense oligonucleotide; RNAi: interference 
RNA; RISC: RNA-induced silencing complex; RAN: repeat associated non-ATG; 
PROTACS: proteolysis-targeting chimera.  
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1.10.2 Biofluid biomarkers 

Biomarkers can be defined as those molecules that can be accurately measured and 

correlated with the disease progression, to indicate its clinical severity as well as an 

indicator of efficiency of a therapeutic compound after treatment. In HD, several 

biomarkers have been investigated. Mutant HTT can be quantified in the 

cerebrospinal fluid (CSF) samples from HD patients and has been validated to 

correlate with disease severity (Wild et al., 2015; Byrne et al., 2018). Its quantification 

in CSF in the mutant HTT lowering clinical trials (Tabrizi et al., 2019) has indicated the 

effectiveness of the lowering approach, as mutant HTT decreased in a dose-

dependent manner.  

Another two biomarkers generating great interest in recent years are neurofilament 

light protein (NFL) and tau protein. The concentrations of both NFL and tau were 

found to be increased in CSF of HD patients as compared to controls and even 

predicted their clinical progression (Byrne et al., 2017, 2018; Rodrigues et al., 2016). 

The levels of NFL in plasma from HD patients were also strongly correlated with 

clinical progression and brain atrophy (Byrne et al., 2017). The recent and ongoing 

work on the discovery and validation of biomarkers in HD will continue to be of 

valuable use in the evaluation of new therapeutic compounds for HD treatment.    
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1.11 Research aims of this thesis 

The project of this thesis is focused on two parts:  

• Characterisation of the heat shock response impairment in brain and muscle 

tissues of HD mouse model zQ175 over the course of the disease, in a 

comparative analysis with that in R6/2 model, after in vivo pharmacological 

induction of the heat shock response by NVP-HSP990. Previous to this, some 

preparatory steps will be taken: 

o Assess the efficacy and kinetics of the pharmacological induction of 

the heat shock response by compound NVP-HSP990. 

o Design and optimisation of a QuantiGene multiplex assay to 

simultaneously detect the gene expression of a large set of heat shock 

genes and validation of this methodology by comparison with 

established RT-qPCR assays. 

• Investigation of potential mechanisms that may be causing the impairment of 

the heat shock response in HD mice. This will include: 

o Analysis of HSF1 levels in zQ175 brain and muscle tissues at late-

symptomatic stages of the disease, as HSF1 has been reported to be 

abnormally degraded in HD (Gomez-Pastor et al., 2017).  

o Examine whether a decreased SIRT1 activity in HD models (Tulino et 

al., 2016) is behind the dysregulation of the heat shock response. To 

that end, Sirt1 overexpressing mice will be crossed with R6/2 mice and 

allocated at early and late symptomatic stages for dosing with NVP-

HSP990. Brain and muscle tissues will be collected at several time 

points after dosing and analysed by QuantiGene, to detect if the 

deficient levels of expression of the heat shock genes (Labbadia et al., 

2011) had been restored by SIRT1 overexpression.  
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Chapter 2. Materials and methods 

2.1 Materials 

2.1.1 Mouse lines 

zQ175 knock-in mice were generated by replacing mouse Htt exon 1 with human HTT 

exon 1, carrying approximately ~ 175 CAGs (Heikkinen et al., 2012; Menalled et al., 

2012). The neomycin selectable marker was removed to generate the zQ175 Delta 

Neo mice (Franich et al., 2019). R6/2 transgenic mice (Mangiarini et al., 1996) were 

created by introducing a genomic fragment (containing human HTT promoter and 

exon 1 sequences) that encodes the exon 1 HTT protein with an expanded polyQ tract 

of ~ 200 CAGs.  Hsf1 +/- heterozygous mice (McMillan et al., 1998) were generated by 

replacing a 1.8 kb genomic fragment that corresponded to six exons with a neomycin 

resistance expression cassette. The genomic fragment that was replaced contained 

sequences encoding part of the DNA binding domain and the oligomerisation domain 

of the HSF1 protein. Sirt1 transgenic mice (Satoh et al., 2010) were generated at 

Washington University (St. Louis, Missouri, USA) by inserting a 2.3 kb fragment of the 

mouse Sirt1 cDNA into a vector carrying the mouse PrP promoter, then microinjected 

into C57BL/6J x CBA hybrid blastocysts to establish the line and then backcrossed to 

C57BL/6J mice.  
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2.1.2 Primers and sequences for genotyping and CAG repeat sizing 

Table 2.1. Primers used for genotyping and CAG repeat sizing of the mouse lines 

used in the study 

PCR Primer name Primer sequence (from 5’ to 3’) 

zQ175 
genotyping 

19Fhum AGGAGCCGCTGCACCGA 

431R2 CTCTTCACAACAGTCATGTGCG 

R6/2 

genotyping 

Hdac4#1 CTTGTTGAGAACAAACTCCTGCAGCT 

Hdac4#2 AGCCCTACACTAGTGTGTGTTACACA 

33727 CGCAGGCTAGGGCTGTCAATCATGCT 

32253 TCATCAGCTTTTCCAGGGTCGCCAT 

Sirt1 tg 

genotyping 

Sirt1 forward CTTCAGATCAAGAGACGGTATCTATGCTCGCC 

Sirt1 Reverse AGACGGCTGGAACTGTCCGGGATATATTTC 

Fab Forward CCTCCGGAGAGCAGCGATTAAAAGTGTCAG 

Fab Reverse TAGAGCTTTGCCACATCACAGGTCATTCAG 

Hsf1 

genotyping 

Hsf1KO1 AGACCTGTCCTGTGTGCCTAGC 

Hsf1KO2 CAGGTCAACTGCCTACACAGACC 

Neo3#3 AGGACATAGCGTTGGCTACCCGT 

Neo3#4 GCCTGCTATTGTCTTCCCAATCC 

R6/2 and 

zQ175  

CAG 

repeat 

sizing 

HD3 – 6-FAM-

labelled Forward 
CCTTCGAGTCCCTCAAGTCCTT 

HD5 Reverse CGGCTGAGGCAGCAGCGGCTGT 

 

All primers were supplied by Eurofins.  
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2.1.3 Primers and probes sequences for RT-qPCR assays 

Table 2.2. Primers, probes and sequences for the RT-qPCR assays used in the study 

The following primers/probes were purchased from Thermo Fisher Scientific: 

The following primers/probes were designed in-house: 

 

GOI = Gene of interest; HK = Housekeeping gene 

Type 
Gene 

Symbol 
Protein name 

Accession 
Number 

TaqMan assay ID 

HK Canx Calnexin NM_007597 Mm00500330_m1 

HK Rpl13a Ribosomal Protein 
L13a 

NM_009438 Mm01612987_g1 

HK Atp5b ATP synthase 
subunit ß 

NM_016774 Mm00443967_g1 

HK Eif4a2 
Eukaryotic 

translation initiation 
factor 4A2 

NM_013506 Mm01730183_gH 

GOI Hspa1a/b Heat shock protein 
1A/B, HSP70 

NM_010479 Mm01159846_s1 

GOI Hspb1 Heat shock protein 
1, HSP25 

NM_013560 Mm00834384_g1 

GOI Dnajb1 DnaJ, member B1, 
HSP40 

NM_018808 Mm00444519_m1 

GOI Sirt1  Sirtuin 1 NM_019812 Mm01168521_m1 

Type Gene 
Symbol 

Protein 
name 

ID Sequence (5’ - 3’) 

GOI Hsf1 Heat shock 

factor 1 

Forward primer CGAGTGGGAACAGCTTCCA 

Reverse primer ACTTGGGCAGCACCTCCTT 

Probe TTTGACCAGGGCCAGTT 
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2.1.4 Probe regions and sequences for QuantiGene multiplex assays 

Table 2.3. Probe regions and sequences for the QuantiGene 10-plex assay 

 

GOI = Gene of interest; HK = Housekeeping gene 

 

 

 

 

 

Type 
Gene 

Symbol 
Protein name 

Accession 
Number 

Probe set 
region 

HK Canx Calnexin NM_007597 76 - 727 

HK Rpl13a Ribosomal Protein L13a NM_009438 2 - 467 

HK Atp5b ATP synthase subunit b NM_016774 22 - 409 

HK Eif4a2 Eukaryotic translation 

initiation factor 4A2 
NM_013506 710 - 1271 

HK Ubc Ubiquitin C NM_019639 113 - 676 

GOI Hsf1 Heat shock factor 1 NM_008296 1712 - 2263 

GOI Hspa1a/b Heat shock protein 1A/B, 

HSP70 
NM_010479 2186 - 2721 

GOI Hspb1 
Heat shock protein 1, 

HSP25 
NM_013560 103 - 555 

GOI Dnajb1 DnaJ, member B1, HSP40 NM_018808 569 - 1125 

GOI Sirt1 Sirtuin 1 NM_019812 609 - 1219 
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Table 2. 4. Probe regions and sequences for the QuantiGene 20-plex assay 
 

Type 
Gene 

Symbol 
Protein name 

Accession 
Number 

Probe set 
region 

HK Canx Calnexin NM_007597 1195 - 1720 

HK Rpl13a Ribosomal Protein L13a NM_009438 2 - 467 

HK Atp5b ATP synthase subunit b NM_016774 22 - 409 

HK Eif4a2 Eukaryotic translation 

initiation factor 4A2 
NM_013506 710 - 1271 

HK Ubc Ubiquitin C NM_019639 113 - 676 

GOI Dnaja3 DnaJ, member A3, HSP40 NM_023646 411 - 867 

GOI Hspb6 Heat shock protein B6, α-

crystallin-related, HSP20 
NM_001012401 35 - 438 

GOI Hspa9 Heat shock protein A9, 

HSP70 
NM_010481 908 - 1395 

GOI Dnajb5 DnaJ, member B5, HSP40 NM_019874 687 - 1112 

GOI Hsf1 Heat shock factor 1 NM_008296 1712 - 2263 

GOI Hspa1a/b 
Heat shock protein 1A/B, 

HSP70 
NM_010479 2186 - 2721 

GOI Hspb1 
Heat shock protein 1, 

HSP25 
NM_013560 103 - 555 

GOI Dnaja1 DnaJ, member A1, HSP40 NM_008298 474 - 1101 

GOI Dnajb1 DnaJ, member B1, HSP40 NM_018808 569 - 1125 

GOI Hspd1 Heat shock protein 1 

(chaperonin), HSP60 
NM_010477 1732 - 2170 

GOI Hspe1 Heat shock protein 1 

(chaperonin), HSP10 
NM_008303 259 - 657 

GOI Hsph1 
Heat shock protein 

105/110 kDa; HSP110 
NM_013559 1985 - 2430 

GOI Hsp90aa1 Heat shock protein 90, 

member A1; HSP90 
NM_010480 245 - 989 

GOI Hsp90ab1 Heat shock protein 90, 

member B1; HSP90 
NM_008302 1039 - 1542 

GOI Sirt1 Sirtuin 1 NM_019812 609 - 1219 

GOI = Gene of interest; HK = Housekeeping gene 
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Table 2.5. Probe regions and sequences for the QuantiGene 18-plex assay 

GOI = Gene of interest; HK = Housekeeping gene 

Type 
Gene 

Symbol 
Protein name 

Accession 
Number 

Probe set 
region 

HK Canx Calnexin NM_007597 1195 - 1720 

HK Rpl13a Ribosomal Protein L13a NM_009438 2 - 467 

HK Atp5b ATP synthase subunit b NM_016774 22 - 409 

HK Eif4a2 Eukaryotic translation 

initiation factor 4A2 
NM_013506 710 - 1271 

HK Sdha 
Succinate dehydrogenase 

complex flavoprotein 

subunit A 

NM_023281 76 - 727 

HK Gapdh Glyceraldehyde 3-

phosphate dehydrogenase 
NM_001001303 735 - 1001 

HK Ubc Ubiquitin C NM_019639 113 - 676 

GOI Hsf1 Heat shock factor 1 NM_008296 1712 - 2263 

GOI Hspa1a/b 
Heat shock protein 1A/B, 

HSP70 
NM_010479 2186 - 2721 

GOI Hspb1 
Heat shock protein 1, 

HSP25 
NM_013560 103 - 555 

GOI Dnaja1 DnaJ, member A1, HSP40 NM_008298 474 - 1101 

GOI Dnajb1 DnaJ, member B1, HSP40 NM_018808 569 - 1125 

GOI Hspd1 Heat shock protein 1 

(chaperonin), HSP60 
NM_010477 1732 - 2170 

GOI Hspe1 Heat shock protein 1 

(chaperonin), HSP10 
NM_008303 259 - 657 

GOI Hsph1 
Heat shock protein 

105/110 kDa; HSP110 
NM_013559 1985 - 2430 

GOI Hsp90aa1 Heat shock protein 90, 

member A1; HSP90 
NM_010480 245 - 989 

GOI Hsp90ab1 Heat shock protein 90, 

member B1; HSP90 
NM_008302 1039 - 1542 

GOI Sirt1 Sirtuin 1 NM_019812 609 - 1219 
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2.1.5 Buffers and reagents used in DNA extraction, genotyping and CAG repeat 
sizing 

Lysis buffer for DNA extraction: 

• 50 mM Tris-HCl (pH 8.0) (Roche) 

• 100 mM EDTA (100938B, VWR) 

• 0.5 % SDS (BP1311-200, Fisher Scientific) 

• 1 mg / mL Proteinase K (P2308, SIGMA) 

Agarose gel preparation and loading reagents: 

• 50X TAE buffer: 

- 10 M Tris Base (BP152-1, Fisher Scientific) 

- 5.71 % (v / v) Acetic acid (695092, SIGMA) 

- 10 % (v / v) 0.5 M EDTA (pH 8.0) (100938B, VWR) 

• Agarose (16500-500, Invitrogen) 

• SYBR Safe DNA gel stain (S33102, Thermo Fisher Scientific) 

• 100 bp DNA ladder (N3231L, New England Biolabs) 
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2.1.6 Reagents and lysis buffers used in SDS-PAGE and western blotting 

KCl lysis buffer: 

• 50 mM Tris HCl (pH 8.0) (Roche)      

• 10 % Glycerol (G/0650/17, Fisher Scientific)      

• 5 mM EDTA (100938B, AnalaR, BDH)   

• 150 mM KCl (METTLER TOLEDO) 

RIPA lysis buffer: 

• 150 mM NaCl (S/3160/65, Fisher Scientific)   

• 1 % NP40/IGEPAL CO-630 (542334-100G-A, SIGMA)    

• 0.5 % Sodium deoxycholate (D6750-100G, SIGMA)     

• 0.1 % SDS (BP1311-200, Fisher BioReagents)   

• 50 mM Tris-HCl (pH 8.0) (Roche) 

HEPES lysis buffer: 

• 50 mM HEPES (pH 7.0) – (H3375-100G, SIGMA)    

• 150 mM NaCl (S/3160/65, Fisher Scientific)   

• 10 mM EDTA (100938B, AnalaR, BDH)      

• 10 % NP40/IGEPAL CO-630 (542334-100G-A, SIGMA) 

• 0.5 % Sodium deoxycholate (D6750-100G, SIGMA) 

• 0.1 % SDS (BP1311-200, Fisher BioReagents) 

Triton lysis buffer: 
 

• 150 mM NaCl (S/3160/65, Fisher Scientific) 

• 10 % Glycerol (G/0650/17, Fisher Scientific) 

• 1 % Triton X-100 (H5141, Promega) 

• 10 mM EDTA (100938B, AnalaR, BDH) 

• 50 mM Tris-HCl (pH 8.0) (Roche) 
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Lysis buffers were supplemented with: 

• Protease inhibitor cocktail tablets – cOmplete (04693132001, Roche) – 1 mini 

tablet added per 10 mL lysis buffer 

• Phosphatase inhibitors: 

o PhosSTOP – (04906837001, Roche) – 1 tablet per 10 mL buffer 

o Halt Phosphatase cocktail (#1862495, Thermo Fisher Scientific) 

o 1 mM Sodium orthovanadate (S6508, SIGMA-ALDRICH) 

o 50 mM NaF (Sodium Fluoride) (P0759S, New England BioLabs) 

• 1 mM DTT (Dithiothreitol) - (D9779-10G, SIGMA) 

• 1 mM PMSF (Phenylmethanesulfonyl fluoride solution) – (93482, SIGMA) 

Laemmli buffer (loading buffer): 

• 250 mM Tris-HCl pH (6.8) (Roche)  

• 4 % SDS (BP1311-200, Fisher BioReagents)     

• 0.06 % Bromophenol blue (B0126, SIGMA)  

• 40 % Glycerol (G/0650/17, Fisher Scientific)    

• 10 % ß-Mercaptoethanol (M3148, SIGMA)   

 

1X TGS Buffer:  containing 25 mM Tris, 192 mM Glycine, 0.1 % (w / v) SDS, pH 8.3; 

from 10X TGS buffer stock (161-0772, Bio-Rad). 

 

Transfer buffer 

• 25 mM Tris Base 

• 192 mM Glycine 

• 20 % (v / v) Methanol 
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SDS-PAGE gels formulated to use with the Mini-Protean Tetra-Cell system (Bio-Rad): 

 

8 % Resolving gel (volume of components for two gels, total of 10 mL): 

• ProtoGel 30 % – (EC-890, National Diagnostics) – 2.67 mL 

• 4X ProtoGel Resolving buffer – (EC-892, National Diagnostics) – 2.6 mL 

• 10 % (w / v) APS (ammonium persulfate) – 100 µL 

• TEMED – 10 µL 

• Distilled H2O – 4.62 mL  

 

4 % Stacking gel (volume of components for two gels, total of 5 mL): 

• ProtoGel 30 % – (EC-890, National Diagnostics) – 0.65 mL 

• ProtoGel Stacking buffer – (EC-893, National Diagnostics) – 1.25 mL 

• 10 % (w / v) APS (ammonium persulfate) – 50 µL 

• TEMED – 10 µL 

• Distilled H2O – 3.05 mL 
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2.1.7 Antibodies 

 

Table 2.6. Suppliers, catalogue numbers and dilutions for the primary antibodies 

used in the study 

Supplier Antibody Catalogue 
number 

Dilution / 
concentration 

used 

Other 
dilutions 

tested 

Host 
species 

Bethyl 
Laboratories 

HSF1 
A303-
176A 

0.16 µg/mL - 
Rabbit 

polyclonal 

Proteintech HSF1 
51034-1-

AP 

0.16 µg/mL 
(brain) 

0.1 µg/mL 
(tibialis 

anterior) 

- 
Rabbit 

polyclonal 

Santa Cruz 
HSF1 

(10H8) 
sc-13516 - 

1:200 -
1:500 

Rat 
monoclonal 

Cell 
Signalling 

Technology 

HSF1 #4356T - 1:1,000 
Rabbit 

polyclonal 

Invitrogen HSF1 PA3-017 - 
1:1,000 -
1:2,000 

Rabbit 
polyclonal 

Santa Cruz HSF1 (E-4) sc-17757 - 
1:500 -
1:1,000 

Mouse 
monoclonal 

Abcam 
HSF1 

(10H8) 
ab61382 - 

1:1,000 -
1:2,000 

Rat 
monoclonal 

Abcam HSF1 ab2923 - 1:500 
Rabbit 

polyclonal 

Bethyl 
Laboratories 

HSF1 
A303-
174AT 

- 
1:2,000 -
1:3,000 

Rabbit 
polyclonal 

Bethyl 
Laboratories 

HSF1 
A303-
175AT 

- 1:1,000 
Rabbit 

polyclonal 

Enzo Life 
Sciences 

HSF1 
ADI-SPA-

901-F 
- 

1:1,000 -
1:2,000 

Rabbit 
polyclonal 

Enzo Life 
Sciences 

HSF1 
(10H8) 

ADI-SPA-
950-F 

- 1:1,000 -
1:2,000 

Rat 
monoclonal 

Abcam ATP5B ab14730 1:50,000 - 
Mouse 

monoclonal 
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Table 2.7. Suppliers, catalogue numbers and dilutions for the secondary 

antibodies used in the study 

Supplier Antibody 
Catalogue 

number 
Dilution 

used 

Other 
dilutions 

tested 

Host 
species 

Abcam 
Anti-rat 
IgG H&L 

(HRP) 
ab6734 1:2,000 - 

Rabbit 
polyclonal 

Agilent 
Dako 

Anti-
mouse 

IgG/HRP 
P 0447 1:2,000 - 

Goat 
polyclonal 

Agilent 
Dako 

Anti-
rabbit 

IgG/HRP 
P 0448 1:5,000 - 

Goat 
polyclonal 

 

IgG = immunoglobulin G; H + L = heavy and light chains; HRP = horseradish peroxidase 

 

 

 

 

 

 

 



 100 

2.2 Methods 

2.2.1 Ethics approval and compliance to ARRIVE guidelines 

All the experimental procedures that involved the use of mice were carried out under 

the UK Home Office project license 70/9097 as well as a personal license and UCL 

establishment licence. The experiments were designed and conducted in agreement 

with the Animals (Scientific Procedures) Act 1986, in compliance with the ARRIVE 

guidelines and approved by the University College London Ethical Review Process 

Committee. Personal protective equipment was worn at all times during the 

procedures and included coveralls, face masks, disposable hairnets, overshoes and 

gloves provided by the animal facility.  

2.2.2 Mouse husbandry, breeding and maintenance 

Wild-type animals used in the initial optimisation and QuantiGene validation and 

kinetics experiments (Chapter 3 in the thesis) were (CBA/Ca x C57BL/6J)F1 mice 

(B6CBAF1/OlaHsd) from ENVIGO laboratories (The Netherlands). zQ175 Delta Neo 

mice were generated either on-site by backcross breeding between zQ175 males to 

C57BL/6J females (Charles River, UK) or obtained from the CHDI colony at Jackson 

Laboratory (Bar Harbor, Maine, USA) on the same background. R6/2 mice were 

always bred in-house by backcrossing R6/2 males to (CBA/Ca x C57BL/6J)F1 females 

(B6CBAF1/OlaHsd, ENVIGO laboratories, The Netherlands). Hsf1 +/- heterozygous 

mice were obtained from the Jackson laboratory (Bar Harbor, Maine, USA) with stock 

number 010543; C;129-Hsf1tm1ljb/J. Hsf1 +/- heterozygous males were bred to 

B6CBAF1/OlaHsd females to maintain the colony and the intercross breeding 

between heterozygous males and females produced the Hsf1 knockout mice. Sirt1 

transgenic mice were supplied by David Holzman’s laboratory at Washington 

University in Missouri (USA). They were maintained in-house by backcrossing Sirt1 

transgenic males to C57BL/6J females (Charles River, UK). The intercross Sirt1 

transgenic x R6/2 colony was generated by breeding R6/2 males with Sirt1 transgenic 

females.  
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Animals within each colony were always housed in individually ventilated cages (IVC) 

containing Aspen Chips 4 Premium bedding (Datesand) and environmental 

enrichment including chew sticks and play tunnels (Datesand). Dependent on gender, 

mice were grouped with up to five mice per cage and with genetically altered and 

wild-type mice combined. They had unlimited access to water and food (Teklad global 

18 % protein diet, ENVIGO). Animals were kept under a 12-hour light / 12-hour dark 

cycle conditions and at a 21 °C ± 1 °C regulated temperature. Regular non-sacrificial 

FELASA screenings in the animal facility provided no evidence of pathogens.  

2.2.3 DNA extraction and preparation 

DNA was isolated from mouse ear biopsies that were collected at 10 days of age. The 

biopsy samples were lysed in 450 µL of DNA extraction lysis buffer with 25 – 50 µL of 

proteinase K (1 mg / mL; P2308, SIGMA), depending on the size of the biopsy sample, 

and incubated overnight at 55 °C. The following day, 300 µL of saturated NaCL (5 M; 

S/3160/65, Fisher Scientific) was added to the lysates and mixed thoroughly. Then, 

samples were centrifuged at 16,000 x g for 30 min. After centrifugation, the 

supernatant was transferred onto a fresh tube containing 600 µL of 100 % ethanol 

(VWR), vortexed and centrifuged again at 16,000 x g for 20 min. Then, after this 

centrifugation, the supernatant was discarded and 300 µL of 70 % ethanol was added 

to the pellet. After a gentle mix, the samples were subjected to a final centrifugation 

at 16,000 x g for 15 min, the supernatant was removed, and the pellets were left to 

air dry at room temperature (RT). After 2 - 3 h, the pellets were resuspended in 5 mM 

Tris-HCl solution. DNA concentration from the samples was quantified using a 

Nanodrop One (Thermo Fisher Scientific). Samples were diluted in 5 mM Tris-HCl as 

needed to the required concentration. 

2.2.4 Genotyping and CAG repeat sizing 

DNA samples were genotyped by polymerase chain reaction (PCR) using T100 

thermal cyclers from Bio-Rad. The GoTaq G2 Flexi DNA polymerase system (M7848, 

Promega) was employed for the zQ175 Delta Neo, Sirt1 transgenic and Hsf1 lines and 

the DreamTaq Hot Start Green PCR Master Mix system (K9022, Thermo Fisher 
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Scientific) for the R6/2 line. The primers added and their sequences are detailed in 

Table 2.1, section 2.1.2. 

For zQ175 Delta Neo genotyping, a 20 µL reaction contained 10 – 15 ng DNA, 1x 

GoTaq Flexi buffer, 2.5 mM MgCl2, 0.2 mM dNTPs (Thermo Fisher Scientific), 1 μM 

forward and reverse primers and 1 U/ µL GoTaq2 polymerase. The amplification 

cycling conditions were 30 s at 98 °C for 1 cycle, (15 s at 98 °C, 15 s at 64 °C and 30 s 

at 72 °C) for 34 cycles and finally 5 min at 72 °C for 1 cycle.  Sirt1 transgenic genotyping 

involved a 20 µL reaction including 20 – 50 ng DNA, 1x GoTaq Flexi buffer, 2.5 mM 

MgCl2, 0.2 mM dNTPs (Thermo Fisher Scientific), 1 μM Sirt1 forward and reverse 

primers, 0.12 μM Fab forward and reverse primers and 0.05 U / µL GoTaq2 

polymerase. The thermal cycling program was 1 min at 93 °C and 30 x (20 s at 93 °C, 

3 min at 68 °C). For Hsf1 genotyping, 20 – 50 ng DNA, 1x Go Taq Flexi buffer, 2 mM 

MgCl2, 0.2 mM dNTP, 0.5 μM for each primer and 0.025 U / µL GoTaq2 polymerase 

were added into a 25 µL total reaction. The cycling program was 4 min at 95 °C, 35 x 

(25 s at 95 °C, 20 s at 60 °C, 45 s at 72 °C) and 1 min at 72 °C. R6/2 mice were 

genotyped by preparing a 10 µL reaction containing 50 – 100 ng DNA, 1x DreamTaq 

Master Mix and 1 μM for each primer. The cycling conditions were 3 min at 95 °C, 34 

x (30 s at 95 °C, 30 s at 60 °C, 1 min at 72 °C) and 15 min at 72 °C. PCR products along 

with 5 µL of 100 bp DNA ladder (New England Biolabs) were loaded in a 2 – 3 % 

agarose gel (2 – 3 % agarose (w / v) in 1X TAE buffer) and electrophoresed at 140 V 

for 30 min to 1 hour until enough resolution was achieved to determine the 

genotypes. Gels were exposed for image detection using a ChemiDoc MP Imaging 

system (Bio-Rad). 

CAG repeat sizing reaction for both R6/2 and zQ175 Delta Neo mice was as follows: 

a 13 µL reaction included 50 ng DNA for R6/2 and 10 ng for zQ175, 1x AmpliTaq Gold 

360 Master mix (4398787, Applied Biosystems), 1.25 µL 360 GC enhancer (4398799, 

Applied Biosystems), 0.2 µM of each forward and reverse primers. The amplification 

program using T100 thermal cyclers (Bio-Rad) was: 10 min at 95 °C, 34 x (30 s at 95 

°C, 30 s at 63 °C, 90 s at 72 °C) and 7 min at 72 °C. After amplification, 8 µL of a mix 
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containing Hi-Di formamide (4311320, Applied Biosystems) and 0.08 µL internal size 

standard MapMarker ROX100 (BioVentures Inc.) were added to a new plate along 

with 3 µL of PCR product. The plate containing the mix was sealed and denatured at 

95 °C for 5 min and then immediately stored in - 20 °C freezer for at least 5 min. After 

brief centrifugation, the plate was processed in an ABI3730xl sequence analyser for 

capillary electrophoresis. Data were analysed using the software GeneMarker 

(SoftGenetics) to calculate CAG repeat sizes.  The mean CAG repeat sizes ± SD for 

R6/2 and zQ175 Delta Neo mice used in the study are provided in Table 2.8 below.  

 

Table 2.8. CAG repeat sizing information of the mice used in the study. 

Mouse line Thesis chapter Mean CAG repeat size ± SD 

zQ175 Chapter 4 198.18 ± 6.45 

R6/2 Chapter 4 187 ± 1.67 

Sirt1 tg x R6/2 Chapter 5 185.69 ± 2.98 (9 weeks) 
184.69 ± 2.71 (14 weeks) 

 

 

2.2.5 Formulation of NVP-HSP990 and dosing 

The NVP-HSP990 (2-amino-7, 8-dihydro-6H-pyrido [4, 3-d] pyrimidin-5-one) 

compound was provided by Novartis Pharma AG. The compound was always 

formulated at a 12 mg / kg concentration, forming a suspension in 2 % 

methylcellulose (M0262, SIGMA) that was diluted in 0.9 % saline solution (20-9800-

10, Severn Biotech). Both the NVP-HSP990 and vehicle (2 % methylcellulose in 0.9 % 

saline solution) were freshly prepared for each experiment on the day before the 

dosing procedures. The suspension was sonicated several times in an ultrasonic bath 

(XB3, Grant) to reduce the size of the particles. An adequate single dose of NVP-

HSP990 or vehicle was administered via oral gavage to each mouse after weighing. 

To ensure an even suspension during the whole dosing procedure, thorough mixing 

in a magnetic stirrer was carried out between doses. Mice assigned for the dosing 



 104 

experiments were randomised from their litters of origin and age matched as closely 

as possible. After dosing, mice were sacrificed at the corresponding time-points by 

cervical dislocation, the tissues of interest were harvested, snap-frozen in liquid 

nitrogen and then stored at - 80 °C until use.  

2.2.6 RNA extraction, cDNA synthesis and RT-qPCR 

Mouse brain hemispheres and muscle tissues were lysed in Qiazol lysis reagent 

(79306, Qiagen) and RNA extracted using the reagents and materials from the Qiagen 

RNeasy mini kit (74106, Qiagen), following the manufacturer’s protocol. Brain 

hemispheres were homogenised in Qiazol reagent using a polytron homogeniser 

probe, washing the probe with distilled H2O and ethanol between each 

homogenisation. Muscle tissues were lysed in Qiazol using the Ribolyser FastPrep-24 

(MP Biomedicals) at 4 °C, at 6.5 m / s for 1 min for three times. When extracting RNA 

from QuantiGene homogenates, 500 µL of these homogenates were mixed with the 

same volume of Qiazol reagent using 1 mL hypodermic syringes and 23G and 26G 

needles (BD Microlance). The Qiazol homogenates were left for 5 min to promote 

dissociation of the nucleoprotein complexes and then transferred to a fresh tube. 

Chloroform (VWR) was then added in a 1:5 ratio to the initial Qiazol volume, samples 

were left at RT for 3 min, and vortexed thoroughly followed by a centrifugation at 

16,000 x g for 15 min at RT. The upper aqueous phase of each sample was transferred 

to a new tube without disturbing the middle layer. A volume of 70 % ethanol equal 

to the volume transferred was added and mixed thoroughly. The mixed solution for 

each sample was then put into a RNeasy mini spin column in a 2 mL collection tube, 

then centrifuged for 15 s at 16,000 x g. The flow-through was discarded and 350 µL 

of RW1 buffer added to each RNeasy mini spin column, then centrifuged for 15 s at 

16,000 x g and flow-through again discarded. Following this, 80 µL of DNaseI (diluted 

1:8 in RDD buffer) (RNase-free DNase kit, 79256, Qiagen) was dispensed to each 

RNeasy mini spin column membrane for DNase treatment. Samples were then 

incubated at RT for 15 min. 350 µL of RW1 buffer were then added to the RNeasy 

mini spin column for each sample and they were centrifuged for 15 s at 16,000 x g; 

the flow-through was discarded. 500 µL of RPE buffer (with 100 % ethanol included 
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as per manufacturer’s instructions) was added to the RNeasy mini spin column and 

centrifuged for 15 s at 16,000 x g, discarding the flow-through afterwards. Finally, the 

RNeasy mini spin column for each sample was placed into a new 2 mL collection tube 

and centrifuged at 16,000 x g for 2 min. The extracted RNA was eluted by transferring 

the RNeasy mini spin column into a new 1.5 mL collection tube, adding a volume of 

RNase-free H2O (appropriate to the initial tissue size) directly onto the membrane 

and incubating at RT for 2 min, before centrifugation for 1 min at 16,000 x g. RNA 

concentration was quantified using a Nanodrop One (Thermo Fisher Scientific). 

Mouse brain tissue RNA samples were diluted to 1 µg in RNase-free H2O in a 10 µL 

total volume. The reverse transcription of the RNA to obtain cDNA was performed 

using the M-MLV reverse transcriptase kit (28025-013, Invitrogen), in two parts: 

firstly, by adding 1 mM dNTP mix and 1 µL of random hexamers (100 ng / ul, Eurofins) 

to each 10 µL RNA sample. After mixing, the RNA samples were incubated for 5 min 

at 65 °C. Secondly, a pre-mix was prepared containing: 1x First-Strand buffer, 0.01 M 

DTT, 2 U / µL RNasin Plus RNase inhibitor (N2615, Promega) and 10 U / µL M-MLV 

reverse transcriptase in a total of 8 µL that was added to each previous reaction. The 

reverse transcription was then carried out as follows: 10 min at 25 °C, 50 min at 37 

°C and 15 min at 70 °C.  

A 1:6 dilution was prepared for each of the muscle cDNA samples, 1:50 for the brain 

cDNA samples and 1:30 for the ones extracted from QuantiGene homogenates. For 

RT-qPCR, 15 µL reactions were prepared in each well of 96-well thin wall Hard-Shell 

PCR plates (Bio-Rad) and in triplicates, containing each 3 µL of cDNA, 1x TaqMan Fast 

Advanced Master Mix (4444557, Applied Biosystems), 1x of the probe/primer assays 

purchased from Thermo Fisher Scientific or 0.3 µM of each forward and reverse 

primers and 0.2 µM of probes designed in-house (commercial and designed in-house 

assays are indicated in Table 2.2, section 2.1.3). Then, the plate was covered with 

Microseal “B” sealing adhesive film (MSB1001, Bio-Rad) and centrifuged at 800 x g 

for 30 s, before amplification was carried out in a CFX96 Real-time system C1000 

thermal cycler (Bio-Rad) as follows: 95 °C for 40 s, 40 x (95 °C for 7 s and 60 °C for 20 

s). The data analysis followed the 2-ΔΔCt method (Livak and Schmittgen., 2001). The 
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GeoMean of the Ct values of Atp5b, Canx, Rpl13a, Eif4a2, Sdha, Actb, Gapdh was 

used to normalise the expression of the genes of interest (ΔCt) and further to the 

lowest expressor (highest ΔCt value) for each gene.  

2.2.7 Tissue homogenisation and QuantiGene gene expression assays 

Three QuantiGene multiplex assays were designed and used in this study: 10-plex, 

20-plex and 18-plex (see Tables 2.3, 2.4, 2.5 in section 2.1.4); containing capture 

beads and probes designed for the specific targets of interest. All the reagents and 

materials used in these experiments were purchased from Thermo Fisher Scientific 

and applied according to manufacturer’s recommendations. 

The mouse tissues used in these experiments were initially weighed and 

homogenised by adding 300 µL of homogenising solution and 3 µL of proteinase K (in 

a 50 µg / µL concentration) per every 10 mg of tissue. Brain tissues (brain 

hemispheres, cortex and striatum) were homogenised with a Polytron homogeniser 

probe or motorised pestle. Tibialis anterior samples were homogenised using liquid 

nitrogen and a pre-chilled pestle and mortar that was sitting on dry ice. A small 

volume of liquid nitrogen was added to the mortar to which the frozen tibialis 

anterior samples were added. After becoming a powder, the samples were 

transferred into a fresh tube to which the working homogenisation solution 

(containing proteinase K) corresponding to their tissue weight was added.  All 

homogenates were then lysed overnight in an incubator at 50 - 55 °C. If the samples 

were not fully lysed, 1 mL syringes with either 23G or 26G hypodermic needles (BD 

Microlance) were used to shear the remaining fragments. The following day, the 

samples were centrifuged at 3,000 x g for 15 min to pellet any debris and the 

supernatant was transferred to a fresh tube. The tissue homogenates were 

appropriately diluted in QuantiGene homogenising solution. Following the 

manufacturer’s recommendations for fresh, frozen or formalin-fixed, paraffin-

embedded (FFPE) tissues, on day 1, homogenates were pre-warmed (37 °C or RT) for 

at least 30 min. Then, 20 µL of the sample homogenates were added in duplicates or 

triplicates (two or three technical replicates) into each well of the hybridisation 
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plates. If processing a plate for the optimisation of sample input, a pool of samples 

from the same genotype or treatment group at equal tissue mass / volume, based on 

wet tissue weight solubilised (10 mg / 300 µL), was prepared. This undiluted pool of 

samples was then diluted in 2-fold or 3-fold serial dilutions using homogenising 

solution. If processing a plate for analysis of gene expression, the sample 

homogenates were diluted in homogenising solution according to the optimal 

dilution chosen in the previous optimisation experiment. 

 A working mix solution was then prepared by adding (in this order) nuclease-free 

water (HyClone water, 10307052, Fisher Scientific), lysis mixture, blocking reagent, 

proteinase K (50 µg / µL), capture beads and probe set from the corresponding 

multiplex assay, in accordance with the number of samples in the experiment. 30 µL 

of working solution were added into each well of the hybridisation plates. The plate 

was sealed with a pressure seal cover and incubated for 18 – 22 h at 54 °C in a 

VorTemp incubator shaking at 600 rpm. After incubation, on day 2, the plate was 

taken out of the incubator, centrifuged at 240 x g for 1 min and placed into a magnetic 

plate washer. The plate was washed with QuantiGene wash buffer four times. Pre-

warmed (37 °C or RT) pre-amplifier solution was dispensed to the wells and the plate 

was incubated in the VorTemp shaker for 1 h at 50 °C and 600 rpm. The same protocol 

of washing and incubation was followed for the additional signal amplification 

reagents amplifier and label probe solutions. Lastly, SAPE solution (containing 

fluorescent Streptavidin-conjugated R-Phycoerythrin in SAPE diluent) was added, the 

plate was incubated for 30 min at 50 °C and 600 rpm, followed by the final four 

washes and resuspension in SAPE wash buffer. A MAGPIX instrument (Luminex 

Corporation) was employed to measure the median fluorescent intensity (MFI) of 

each sample in the plate using the xPonent software. For the analysis, the 

background MFI signal was always subtracted from each MFI value. For the 

optimisation of the sample input, the limit of detection, limit of quantification and 

accuracy of the fold change was calculated. For a gene expression experiment, the 

MFI data for each sample was normalised to the GeoMean of the housekeeping 
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genes. The average of the MFI in the sample replicates was calculated and normalised 

to the wild-type vehicle samples to determine the fold change of expression.  

 

Figure 2.1. Flow chart of the QuantiGene methodology protocol. 
The QuantiGene protocol that was followed for the experiments of gene 
expression analysis or optimisation of sample input using mouse tissue samples 
is summarised in the figure; starting with (1) the preparation of lysates from 
frozen mouse tissues, (2) the preparation of plates and addition of relevant 
reagents to hybridise with the RNA targets of interest, (3) amplification of the 
fluorescent signals, (4) signal detection as MFI values in a MAGPIX instrument 
and (5) analysis of the data obtained, depending on the purpose of the 
experiment. SAPE = Streptavidin-conjugated R-Phycoerythrin; MFI = median 
fluorescent intensity; LOD = limit of detection; LOQ = limit of quantification. 
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2.2.8 SDS-PAGE and western blotting 

Mouse tissues were lysed in ice-cold buffers, either RIPA, KCl, HEPES or Triton buffer, 

prepared as indicated in section 2.1.8. These buffers were supplemented in all cases 

with cOmplete protease inhibitors, 1 mM PMSF and 1 mM DTT, and, where needed, 

with PhosSTOP phosphatase inhibitors (Roche), Halt phosphatase inhibitors cocktail 

(Thermo Fisher Scientific) or 50 mM NaF and 1 mM Na orthovanadate (New England 

Biolabs).  Brain tissues (cortex, striatum or brain hemispheres) were homogenised 

with a Polytron probe homogeniser or a motorised pestle. Muscle tissues were 

homogenised using a Ribolyser FastPrep-24 (MP Biomedicals) at 4 °C at 6.5 m / s for 

1 min for four times, leaving a 10 min break between each ribolysation. After 

homogenisation, samples were sonicated in a Q125 QSonica sonicator at 4 °C and 40 

% amplitude, during 10 s for three times with 10 s intervals, then centrifuged twice 

at 13,000 x g at 4 °C for 10 min. The supernatant was collected and protein 

concentration estimated using the Pierce BCA protein assay (23223 for Reagent A, 

23224 for Reagent B, Thermo Fisher Scientific) and albumin standard (23209, Thermo 

Fisher Scientific) following the supplier’s instructions. 40 µg of protein was mixed 

with Laemmli loading buffer and denatured at 90 °C for 5 min.  

Samples were loaded onto 10 % Criterion TGX Precast gels (Bio-Rad) along with 7 µL 

protein ladder (Precision Plus Protein Kaleidoscope Prestained protein standard, 

1610375, Bio-Rad) and subjected to electrophoresis at 100 V until bands were 

sufficiently separated. Proteins were then transferred to a 0.45 µm nitrocellulose 

membrane (1620115, Bio-Rad) or 0.45 µm PVDF membranes (88518, Thermo Fisher 

Scientific) submerged in transfer buffer at 100 V. In some experiments, the 

polyacrylamide gels were made in-house using the Mini-Protean Tetra-Cell system 

(Bio-Rad). In these cases, the resolving and stacking gels were made using National 

Diagnostics reagents, as indicated in section 2.1.6. After transfer, membranes were 

blocked in either non-fat dried milk (Marvel) or BSA (A7906, SIGMA) in TBS buffer 

(94158, SIGMA) at 0.5 % to 5 % concentrations, for a minimum of 1 h at RT, before 

an overnight incubation at 4 °C with the primary antibodies at the selected 

concentrations / dilutions, as indicated in Tables 2.6 and 2.7 in section 2.1.7. During 



 110 

optimisation, different combinations of buffers, phosphatase inhibitors, blocking 

solutions at concentrations from 0.5 % to 5 % and antibody dilutions were tested. 

The conditions are indicated in the figures in Chapter 4 that correspond to the 

characterisation of HSF1 antibodies. The optimised experimental conditions for the 

antibodies Proteintech 51034-1-AP and Bethyl A303-176A for HSF1 detection as 

shown in Chapter 4 were as follows: tissues were homogenised in ice-cold RIPA buffer 

containing cOmplete protease inhibitor (Roche), PhosSTOP phosphatase inhibitors 

(Roche), 1 mM PMSF and 1 mM DTT. Nitrocellulose membranes were blocked for at 

least 1 h in 0.5 % non-fat dried milk (Marvel) in TBS and primary antibodies were 

added at 1 µg in 6 mL (for brain tissues) or in 10 mL (for tibialis anterior) 0.5 % non-

fat dried dried milk in TBS, then incubated overnight at 4 °C. 

As a loading control, the ATP5B primary antibody (ab14730, Abcam) was used at a 

1:50,000 dilution in 0.5 % non-fat dried milk in TBS and incubated with the 

membranes for 2 – 3 h at RT. After primary antibody incubations, membranes were 

washed 3 – 4 times for 10 min per wash in 0.02 % Tween – TBS (TBS-T). The 

corresponding secondary antibodies diluted in 0.02 % TBS-T were incubated with the 

blots at RT for 1 h. After the washes, Clarity Western ECL Substrate or Clarity Max 

Western ECL Substrate (Bio-Rad) was added to the blots to expose them using a 

ChemiDoc MP Imaging system (Bio-Rad). The blots were quantified with Image Lab 

software (Bio-Rad). The uncropped blots can be found in the Appendix.  

2.2.9 Statistical analysis 

All data obtained were screened for outliers through a ROUT test using GraphPad 

Prism software (version 7). Then, data were analysed with SPSS software (version 26) 

using either one-way ANOVA (factor: treatment), two-way ANOVA (factors: genotype 

and treatment) or independent samples t-test (unpaired Student’s t-test). Post-hoc 

analyses with Bonferroni correction for multiple comparisons were applied where 

appropriate as indicated in the corresponding figure legends. P-values below 0.05 

were considered as statistically significant. Graphs and figures were prepared using 

GraphPad Prism and Adobe Illustrator (version 24) software. 
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Chapter 3. Optimisation of methodologies and experimental 
conditions for the study of the heat shock 
response in Huntington’s disease mouse models 

3.1 Introduction 

Previous studies of the heat shock response at the transcriptional level in HD, and 

other neurodegeneration models, have generally involved the administration of a 

pharmacological substance that would elicit the heat shock response and the use of 

a quantitative gene expression method such as real-time quantitative PCR (RT-qPCR) 

to measure the expression of major heat shock genes (Hay et al., 2004; Waza et al., 

2005; Fujikake et al., 2008; Labbadia et al., 2011; Carnemolla et al., 2014; Neueder et 

al., 2017).  

In this thesis, the NVP-HSP990 compound was administered to mice as the inducer 

of the heat shock response. NVP-HSP990 is a HSP90 inhibitor which acts by 

interacting with the ATP-binding domain of HSP90, affecting its ATPase activity 

(Menezes et al., 2012). This prevents HSP90 from binding HSF1 and thereby the 

inhibitory effect that is exerted to maintain HSF1 in an inactivated state (Zou et al., 

1998). As a consequence of releasing HSF1 from this HSP90 inhibitory complex, the 

heat shock response is activated, leading to the enhanced expression of the heat 

shock genes. The study by Labbadia et al. (2011) provided initial evidence of the 

potent but transient activation of the heat shock response in mice, including HD 

mouse models, at different ages, after oral administration of this NVP-HSP990 

compound, without signs of toxicity. 

The QuantiGene multiplex assay is an alternative approach for gene expression 

analysis to RT-qPCR. It offers some interesting characteristics that could be 

advantageous to this study and, also, it may overcome some of the limitations 

associated with RT-qPCR. The examination of this methodology for the 

transcriptional analysis of a broad range of heat shock genes after pharmacological 

induction of the heat shock response may facilitate the validation of therapeutic 

strategies that target the protein folding capacity.   
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To address these points and set up the experimental approaches to assess the heat 

shock response at the transcriptional level, some initial experiments were performed 

in a wild-type mouse context that would then be transferred to apply to HD models. 

These are the research aims covered in this chapter: 

1. Test the efficacy of pharmacological induction of the heat shock response by 

two different batches of the NVP-HSP990 compound. 

2. Validate the QuantiGene methodology for analysis of heat shock gene 

expression by comparison to RT-qPCR. 

3. Understand the kinetics of pharmacological induction of the heat shock 

response by NVP-HSP990. 

4. Design and optimise a QuantiGene multiplex assay to analyse the expression 

of an extensive set of heat shock genes of interest. 

3.2 Efficacy of pharmacological induction of the heat shock response 
with separate batches of NVP-HSP990 

The NVP-HSP990 compound has been previously applied by our laboratory to 

pharmacologically induce the heat shock response (Labbadia et al., 2011; Carnemolla 

et al., 2014; Neueder et al., 2014; Neueder et al., 2017). Due to these previous 

studies, two separate batches of NVP-HSP990 (batch 1 and batch 2), were available. 

To corroborate the efficacy of the compound as well as to ensure no differences were 

found between batches, a small-scale dosing experiment was conducted.   

Wild-type mice in a (CBA/Ca x C57BL/6J)F1 background at 9 weeks of age (n = 6 mice 

per treatment group), were allocated to be administered with a single acute dose of 

either vehicle (2 % methylcellulose in 0.9 % saline solution), NVP-HSP990 batch 1 or 

NVP-HSP990 batch 2 (at 12 mg / kg). Brain hemispheres and tibialis anterior muscle 

tissues were harvested 4 hours after dosing for analysis. 

The gene expression levels of three major heat shock genes Hspa1a/b (HSP70), Hspb1 

(HSP25), Dnajb1 (HSP40) as well as the master regulator Hsf1 were measured by RT-
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qPCR in order to analyse the efficacy of pharmacological induction of the heat shock 

response by each of the NVP-HSP990 batches. 

As illustrated in Figure 3.1, the treatment with NVP-HSP990 provoked a clear and 

significant induction in the expression levels of Hspa1a/b, Hspb1 and Dnajb1, as 

compared to vehicle, in both brain hemispheres and tibialis anterior. Interestingly, 

the levels of induced expression in tibialis anterior were found to be much more 

elevated than in brain. This is consistent with previous data (Neueder et al., 2017) 

and it is likely to be attributed to a higher proteostasis capacity in muscle as 

compared to brain regions. Both batches of NVP-HSP990 led to a similar degree of 

induction in both brain or muscle, and no significant differences were observed 

between them. Therefore, NVP-HSP990 is efficacious at inducing the heat shock 

response in mouse brain and muscle tissues and either of the two available batches 

of NVP-HSP990 could be used in the subsequent dosing trials.   
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Figure 3.1. Expression levels of three major heat shock genes and Hsf1 in brain 
hemisphere and tibialis anterior of wild-type mice after induction of the heat 
shock response by two separate batches of NVP-HSP990.  
The expression of heat shock genes Hspa1a/b (HSP70), Hspb1 (HSP25) and 
Dnajb1 (HSP40), as well as regulator Hsf1, was analysed by RT-qPCR in wild-
type mice after treatment with vehicle or NVP-HSP990. Expression was 
normalised to reference genes Atp5b, Canx, Rpl13a and Eif4a2. Statistical 
analysis was by one-way ANOVA and Bonferroni correction for multiple 
comparisons. N = 5 - 6 mice per treatment group. Mean ± SEM. *** p value ≤ 
0.001. 
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3.3 Design and optimisation of a QuantiGene 10-plex assay 

QuantiGene is a methodology for the analysis of gene expression, based on branched 

DNA technology (Canales et al., 2006; Flagella et al., 2006), that allows the 

simultaneous detection of multiple targets (up to eighty genes of interest) directly 

from any tissue lysate. According to this, magnetic capture beads and probes are 

designed specifically for the detection of genes of interest or particular regions within 

them. These capture beads and probes hybridise to the targeted regions of the RNA 

molecules during incubation. Then, the sequential additions of pre-amplifier, 

amplifier, label probe reagents and, especially, the SAPE reagent, which contains 

fluorescent streptavidin-conjugated R-phycoerythrin, amplifies the luminescent 

signal that is detected and quantified on a MAGPIX instrument (Luminex). This signal 

is translated as a value of the median fluorescence intensity (MFI) for each sample 

and target that would be proportional to the amount of target RNA of interest that is 

present. A schematic workflow of this methodology can be found in the following 

Figure 3.2.  
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Figure 3.2. Schematic workflow of the QuantiGene methodology.  

(1) The QuantiGene technique is initiated by the preparation of samples lysates; 
samples from any origin are homogenised to release the RNA using a working 
homogenisation solution containing proteinase K.  
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(2) Samples are then added individually into the wells of 96-well plates with 
customised reagents like the magnetic Capture beads and probe set (with 
capture extenders, blocking probes and label extenders) that are colour-coded 
and designed specifically to hybridise with the sequences of the RNA targets of 
interest.  

(3) After overnight incubation to allow the hybridisation between RNA targets 
and Capture beads and probes, based on branched-DNA technology, the signal 
(not the RNA fragment) is amplified by the sequential addition and washes of 
oligonucleotide pre-amplifier, amplifier and label probe reagents.  

(4) A final chemiluminescent reagent, streptavidin-conjugated R-Phycoerythrin 
(SAPE) is added, that, by reaction with the previously added biotinylated label 
probe provides a luminescent signal that is detected in a Luminex instrument 
and reported as MFI values, which are proportional to the amount of target 
RNAs present in the samples.  

(5) The fluorescence signal is associated with the specific Capture beads and 
RNA targets and their MFI values are used in the data analysis to determine the 
expression of the genes of interest. 

SAPE = streptavidin-conjugated R-phycoerythrin; MFI = median fluorescent 
intensity. 

 

As the main aim of the project was the analysis of the heat shock response, 

characterised by the transcriptional activation of multiple heat shock genes, the 

features of this QuantiGene methodology were highly aligned to the research 

interests. 

In order to understand this methodology and address whether it could be suitable 

for the project experiments, a small assay was designed that contained the capture 

beads and probes for three major heat shock genes: Hspa1a/b (HSP70), Hpsb1 

(HSP25) and Dnajb1 (HSP40), the master regulator of the heat shock response Hsf1, 

Sirt1 and also several housekeeping genes to be used as reference for normalisation 

(Atp5b, Canx, Rpl13a, Eif4a2 and Ubc). These housekeeping genes were selected as 

they had been tested and reported as suitable reference genes for HD RT-qPCR assays 

(Benn et al., 2008). 
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3.3.1 Optimisation of sample input for QuantiGene assays 

QuantiGene methodology requires the RNA release from the cells in the samples to 

be analysed. It is essential to obtain a complete lysis of cells in order to achieve good 

assay precision. An optimal lysis method for the samples should be chosen, as well as 

a correct ratio of homogenisation solution / proteinase K should be added to the cells 

or tissues of interest, as per the manufacturer’s recommendations, to avoid issues 

related to poor homogenisation.  

To determine the performance of the multiplex assay and the optimal sample input 

for each of the sample types in the experiments, certain parameters need to be 

measured: 

- Assay limit of detection: the minimum signal that should be obtained for each 

target RNA to reach any gene expression conclusions. It is calculated as the 

average of the background MFI values plus 3 standard deviations (SD) of the 

background signals from each technical replicate. 

- Limit of quantification: considered to be the lowest MFI signal to provide an 

acceptable accuracy of the fold change, related to signals fitting into a linear 

range. 

- Coefficient of variation (CV): an indication of the assay precision; usually less 

than 15 % for the technical replicates. It is calculated by subtracting the 

background MFI signal, then averaging the MFI values of technical replicates 

(AVG) and calculating the standard deviation (SD) of MFI signals from 

replicates.       % CV = (SD / AVG) * 100 

- Assay linearity: determines the accuracy of the fold change and validates as 

suitable all the sample dilutions that show an accuracy of fold change 

between 80 % – 120 %. To calculate this, serial dilutions experiments need to 

be performed. The samples are prepared in a dilution series (2-fold, 3-fold…) 

and the plate is processed as per the manufacturer’s instructions. Then, after 

subtracting the background MFI signal from each sample MFI value, the 

observed fold change is calculated for each one of the dilutions; the observed 
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fold change should be within a 20 % range of the 100 % expected fold change 

(2-fold, 3-fold…), calculated as: 

(Observed fold change / expected fold change) * 100 = range of 80 % - 120 %  

A sample dilution should then be selected based on showing signals within 

this range of linearity / accuracy. 

- Another important aspect to consider, when choosing the most appropriate 

dilution, is the signal saturation; this usually corresponds to MFI values over 

50,000 in the MAGPIX instrument (Luminex), as per the supplier’s indications. 

It is not advisable to select sample dilutions presenting signal saturation for 

the gene expression analysis experiments. 

In accordance with the protocols for the calculation of these parameters for the 10-

plex assay, a set of serial dilutions experiments were conducted. The remaining brain 

hemisphere and tibialis anterior muscle from the same animals previously dosed with 

NVP-HSP990 or vehicle (Figure 3.1) were homogenised for QuantiGene analysis. 

Pools of samples from the same treatment group at equal tissue mass / volume, 

based on wet tissue weight solubilised (10 mg / 300 µL), were prepared in a series of 

3-fold (brain) or 2-fold (tibialis anterior) dilutions. The aims of these optimisation 

experiments were:  

- To elucidate the optimal dilutions of samples from brain hemispheres and 

tibialis anterior tissues that show a good accuracy and assay linearity without 

reaching saturation of the signal for any RNA target.  

- To ensure the housekeeping genes included in the assay were expressed with 

consistency in all samples regardless of treatment received. 
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3.3.2 Optimisation of QuantiGene 10-plex assay for use with mouse brain 
hemispheres 

As explained in the previous section, brain hemispheres samples from each 

treatment group (vehicle or NVP-HSP990) at equivalent tissue mass / volume (10 mg 

/ 300 µL) were pooled (n = 5 - 6 mice per treatment group) and subjected to 3-fold 

serial dilutions, loading these pools in the plate in duplicate.  

As shown on the left side in Figure 3.3, the assay linearity was achieved for 

housekeeping genes Atp5b, Canx, Rpl13a and Eif4a2 for both vehicle and NVP-

HSP990 samples. The MFI values decreased linearly according to the dilution and, in 

most cases, all technical replicates from vehicle or treated samples showed a similar 

MFI signal, indicating that the expression of these four genes was not altered by the 

treatment with NVP-HSP990 and induction of the heat shock response. However, 

that was not applicable to Ubc, that showed slight differences in expression between 

vehicle and treatment samples. This is likely to occur because induction of Ubc 

transcription is mediated by HSF1 (Bianchi et al., 2018; Vihervaara et al., 2013), and 

therefore, Ubc was not used as a reference gene in the analysis of gene expression in 

these experiments.  

On the right side of Figure 3.3, the heat shock genes Hspa1a/b, Hspb1, Dnajb1 and 

regulators Hsf1 and Sirt1 showed good linearity and a proportional decrease of MFI 

values with the serial dilutions. The levels of expression for Hsf1 and Sirt1 were not 

affected by NVP-HSP990 treatment, and, therefore, both linear regression lines 

corresponding to the two treatment groups remained similar. The expression of 

Hspa1a/b, Hspb1 and Dnajb1 was induced by NVP-HSP990 treatment and the linear 

regression line corresponding to treated samples appeared with elevated MFI values 

as compared to the MFI values from vehicle. 

Considering the optimisation parameters that were calculated, the 1:9 dilution was 

an appropriate sample dilution for the QuantiGene gene expression analysis of brain 

hemispheres. The MFI values for the targets of interest and housekeeping genes at 

that dilution were over the limit of detection and the signal was not saturated.   
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Figure 3.3. Optimisation of sample input in the QuantiGene 10-plex assay for 
use with wild-type brain hemispheres.  
Pools of brain hemisphere samples from either vehicle or NVP-HSP990 treated 
wild-type animals were prepared with samples at equivalent tissue mass / 
volume (10 mg / 300 µL), in 3-fold serial dilutions (n = 5 - 6 mice per treatment) 
and analysed in duplicate. MFI values detected for each dilution from vehicle or 
NVP-HSP990 samples are shown in the graphs. Assay linearity was calculated 
for each gene. Housekeeping genes (on the left side) maintained a stable 
expression between treatment groups, with exception of Ubc. Heat shock genes 
Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) (on the right side) 
exhibited linear regression lines with significantly different slopes for each 
treatment group. WT = wild-type; MFI = median fluorescence intensity. 

 

3.3.3 Optimisation of QuantiGene 10-plex assay for use with mouse tibialis 
anterior muscle 

In a similar approach to that taken for brain hemispheres, tibialis anterior lysates 

from wild-type mice treated with vehicle or NVP-HSP990 were pooled from each 

treatment group and subjected to a 2-fold serial dilution. As seen in Figure 3.4, the 

MFI values corresponding to vehicle or NVP-HSP990 samples followed a linear 

regression that was equivalent for all the housekeeping genes at all dilutions, 

indicating a stable expression that was unaffected by treatment conditions. The MFI 

values for the heat shock genes Hspa1a/b, Hspb1 and Dnajb1 also followed a linear 

regression with different slopes in the lines corresponding to each treatment. Taking 

into consideration the optimisation parameters described, a 1:10 dilution was chosen 

as an acceptable dilution for tibialis anterior sample input.  



 123 

 



 124 

Figure 3.4. Optimisation of sample input in the QuantiGene 10-plex assay for 
use with wild-type tibialis anterior. 
Pools of tibialis anterior samples from either vehicle or NVP-HSP990 treated 
wild-type animals were prepared with samples at equivalent tissue mass / 
volume (10 mg / 300 µL), in 2-fold serial dilutions (n = 5 mice per treatment) 
and analysed in duplicate. MFI values detected for each dilution from vehicle or 
NVP-HSP990 samples are shown in the graphs. Assay linearity was calculated 
for each gene. Housekeeping genes (on the left side) maintain a stable 
expression between treatment groups. Heat shock genes Hspa1a/b, Hspb1 and 
Dnajb1 (on the right side) exhibit linear regression lines with significantly 
different slopes for each treatment group. WT = wild-type; MFI = median 
fluorescence intensity. 

 

3.4 Validation of the QuantiGene methodology with the 10-plex assay 
and comparison to RT-qPCR 

RT-qPCR is a robust quantitative method that has extensively been used for the 

analysis of the heat shock response, with a focus on the analysis of expression of 

major heat shock genes such as Hspa1a/b (HSP70), Hspb1 (HSP25) or Dnajb1 (HSP40) 

(Labbadia et al., 2011; Carnemolla et al., 2014; Neueder et al., 2017). This method 

involves the isolation of RNA from the samples as well as the reverse transcription to 

complementary DNA (cDNA), followed by amplification of this template cDNA with 

fluorescently-labelled primers. Due to its high sensitivity, it requires maximum 

accuracy and precision. Any errors during the steps in the preparation of the samples 

(e.g., leaving any trace of contamination in the RNA purification or imprecise loading 

of samples in the plates) may lead to issues like inhibition of the amplification 

reaction or inaccuracy in the quantification analysis (Bustin, 2002). Also, this 

methodology presents some limitations related to the number of targets that can be 

amplified per reaction, which depends on the chemistries of the fluorescence 

labelling technologies. 

As presented in Table 3.1, QuantiGene methodology allows for the multiplexed 

measurement of gene expression of up to eighty RNA targets in each well, 

simultaneously and without requiring RNA isolation, reverse transcription or cDNA 

amplification. Unlike RT-qPCR, the detection of RNA targets is possible from the 
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homogenised samples directly. In RT-qPCR, the amplification reaction of the cDNA 

template produces a fluorescence signal proportional to the amount of DNA 

amplified. Instead, in QuantiGene, probes hybridise directly with the target 

sequences and, depending on the amount of RNA molecules present in the samples, 

the signal will be amplified based on the hybridisation. 

 

Table 3.1. Comparison of technical characteristics between QuantiGene and 
RT-qPCR techniques for the analysis of gene expression 

 RT- qPCR QuantiGene 

Amplification 
technology 

TaqMan, SYBR-Green, 
etc. (specific to suppliers) 

Branched-DNA 
hybridisation 

RNA extraction and 
reverse transcription 

Both required 
Not required; direct 

detection of RNA targets 
from homogenates 

Number of gene targets 
per well / reaction 

Up to five genes / 
reaction (if optimised) 

Up to eighty genes / 
reaction simultaneously 

Workflow 
Requires maximum 
accuracy and longer 

processing time 

Simple workflow, ELISA-
like protocol over 2 days 

  

 

In order to validate the QuantiGene methodology for the study of the expression of 

the heat shock genes after pharmacological induction with NVP-HSP990, a 

comparison of results obtained by QuantiGene and by RT-qPCR was carried out with 

samples obtained from the same mice.  

The brain hemispheres and tibialis anterior tissues previously collected from wild-

type mice at 9 weeks of age, were used for the QuantiGene validation experiment. 

The homogenised samples from vehicle and treated animals were diluted at the 

selected dilutions after the QuantiGene optimisation (1:9 dilution for brain and 1:10 
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dilution for tibialis anterior) and, after analysis, the results were compared to those 

initially obtained by RT-qPCR from the same animals (Figure 3.1). 

The housekeeping genes Atp5b, Canx, Rpl13a and Eif4a2 were considered as 

reference to calculate the GeoMean and then normalise the expression of the heat 

shock genes, Hsf1 and Sirt1. As observed in Figure 3.5, both QuantiGene and RT-qPCR 

techniques provided comparable results for the expression of all genes of interest. 

Therefore, this validated the QuantiGene methodology as suitable for the 

measurement of expression levels of heat shock genes after pharmacological 

induction of the heat shock response with NVP-HSP990. 
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Figure 3.5. Validation of the QuantiGene methodology (10-plex assay) to 
measure the expression of heat shock genes in mouse brain hemispheres and 
tibialis anterior after NVP-HSP990 treatment.  
The expression of Hsf1, Sirt1, Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 
(HSP40) after NVP-HSP990 treatment was analysed in brain hemispheres from 
wild-type mice by QuantiGene (top) and RT-qPCR (bottom), as compared to 
vehicle. NVP-HSP990 treatment resulted in an increased expression of Hspa1a/b 
(HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) and not of Hsf1 or Sirt1. No 
differences in the gene expression levels were found between QuantiGene and 
RT-qPCR. N = 4 - 6 mice per treatment. Statistical analysis was by unpaired 
Student’s t-test. Mean ± SEM. *** p ≤ 0.001. WT = wild-type. 
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3.5 Kinetics of the pharmacological induction of the heat shock 
response with NVP-HSP990 

Previous studies assessing the activation of the heat shock response after 

administration of NVP-HSP990 measured the levels of heat shock genes up to 4 hours 

or 8 hours after dosing (Labbadia et al., 2011; Neueder et al., 2017). To corroborate 

that the time point of tissue collection after dosing corresponded to the highest level 

of pharmacological induction, a kinetic assessment was conducted. Wild-type mice 

with a (CBA/Ca x C57BL/6J)F1 background strain were dosed with a single 

administration of NVP-HSP990 at 12 mg / kg concentration and then brain 

hemispheres were collected at 4, 8, 12, 16 or 20 hours after treatment (n = 4 mice 

per treatment and per time point). 

Brain hemispheres were homogenised and processed for analysis with QuantiGene 

10-plex assay at a 1:9 dilution, as optimised (Figure 3.3). The peak of gene expression 

for Hspa1a/b was reached at 4 hours after dosing, and 4 to 8 hours after dosing for 

Hspb1 and Dnajb1 (Figure 3.6). Afterwards, the levels of expression progressively 

decreased and reached baseline levels by 16 to 20 hours after administration of NVP-

HSP990. Although, as observed in the Figure 3.6, the kinetics of the pharmacological 

induction did not occur at a similar rate for all the heat shock genes studied, 4 hours 

was selected as an adequate time point for tissue collection after treatment for the 

following dosing experiments.  
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Figure 3.6. Kinetics of the pharmacological induction of the heat shock response 
after NVP-HSP990 treatment.  
Hsf1, Hspa1a/b (HSP70), Hspb1(HSP25) and Dnajb1 (HSP40) expression levels 
in brain hemispheres from wild-type mice were measured by QuantiGene 10-
plex assay after treatment with vehicle or NVP-HSP990 and tissue collection at 
4, 8, 12, 16 and 20 hours post-dosing. For simplicity, all the vehicle samples from 
each time point for every gene were plotted together in the graphs. A significant 
increase in the expression of the heat shock genes was found by 4 hours after 
dosing with NVP-HSP990 and remained until 8 hours post-dosing. By 12 hours 
after dosing, the expression level of the heat shock genes had declined to 
baseline levels. N = 3 -4 mice per treatment and per time point. Statistical 
analysis was by unpaired Student’s t-test. Mean ± SEM. *** p value ≤ 0.001; * 
p value ≤ 0.05. WT = wild-type; h = hours.  
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3.6 Design and optimisation of a QuantiGene 20-plex assay 

In order to gain a wider perspective on the study of heat shock response, a more 

extensive QuantiGene multiplex assay (20-plex) was designed, that contained the 

heat shock genes: Dnaja1 (HSP40), Dnaja3 (HSP40), Dnajb1 (HSP40), Dnajb5 (HSP40), 

Hspb1 (HSP25), Hspb6 (HSP20), Hspa1a/b (HSP70), Hspa9 (HSP70), Hspd1 (HSP60), 

Hspe1 (HSP10), Hsph1 (HSP110), Hsp90aa1 (HSP90) and Hsp90ab1 (HSP90), 

regulators Hsf1 and Sirt1 and five housekeeping genes (see Table 2.4 in Chapter 2 for 

details). The selection of these heat shock genes was based on previous microarray 

and RNA-Seq data (Labbadia et al., 2011; Neueder et al., 2017) and the validation of 

the QuantiGene 10-plex assay. A similar optimisation protocol as that described for 

the 10-plex assay was followed to determine the optimal dilution for sample input in 

mouse brain hemispheres and tibialis anterior tissues. 

3.6.1 Optimisation of QuantiGene 20-plex assay for use with mouse brain 
hemispheres 

Independent pools of brain hemisphere samples (coming from the initial dosing 

experiment in wild-type mice at 9 weeks of age), at an equivalent tissue mass / 

volume (10 mg / 300 µL), were prepared in a 2-fold dilution series. 

All the genes included in this plex assay adjusted more closely into a linear regression 

from 1:4 dilution, as shown in Figures 3.7, 3.8, 3.9. The housekeeping genes Atp5b, 

Canx, Rpl13a and Eif4a2 maintained a stable expression between treatment groups 

and followed a decrease of MFI signal proportional to the 2-fold dilution series (Figure 

3.7). Eif4a2 showed signs of saturation at the initial 1:2 dilution. When evaluating the 

MFI values and the linear regression lines for the genes of interest, in most cases, 

there were significant differences in the slopes, and this corresponded to the effect 

of NVP-HSP990. However, the heat shock genes Dnaja3, Dnajb5 (Figure 3.8), Hspa9 

and Hspb6 (Figure 3.9) presented linear regression lines with comparable slopes and 

similar MFI values at all the dilutions tested for both treatment groups. This may be 

indicating a lack or reduced effect of NVP-HSP990 treatment on the induction of 

expression of these genes. 
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Figure 3.7. Optimisation of sample input in the QuantiGene 20-plex assay 
(housekeeping genes) for use with wild-type brain hemispheres.  
Brain hemisphere samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL) were pooled, prepared 
in 2-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in duplicate. 
MFI values detected for each dilution from vehicle or NVP-HSP990 samples are 
shown in the graphs and linearity was calculated for each housekeeping gene. 
Eif4a2 and Ubc show a saturated signal at the 1:2 dilutions. All the genes 
maintained a stable expression between treatment groups, with exception of 
Ubc. WT = wild-type; MFI = median fluorescence intensity. 
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Figure 3.8. Optimisation of sample input of the QuantiGene 20-plex assay for 
use in wild-type brain hemispheres (heat shock genes).  
Brain hemisphere samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL) were pooled, prepared 
in 2-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in duplicate. 
MFI values detected for each dilution from vehicle or NVP-HSP990 samples are 
shown in the graphs and linearity was calculated for each gene of interest. 
Hsp90ab1 showed signs of signal saturation at the 1:2 dilution. The heat shock 
genes had linear regression lines with different slopes for each treatment, with 
exception of Dnaja3 and Dnajb5. WT = wild-type; MFI = median fluorescence 
intensity. 
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Figure 3.9. Optimisation of sample input of the QuantiGene 20-plex assay for 
use in wild-type brain hemispheres (heat shock genes). 
Brain hemisphere samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL) were pooled, prepared 
in 2-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in duplicate. 
MFI values detected for each dilution from vehicle or NVP-HSP990 samples are 
shown in the graphs and linearity was calculated for each gene of interest. The 
heat shock genes had linear regression lines with different slopes for each 
treatment, with exception of Hspa9 and Hspb6. WT = wild-type; MFI = median 
fluorescence intensity. 
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3.6.2 Optimisation of QuantiGene 20-plex assay for use with mouse tibialis 
anterior muscle 

A 3-fold dilution series was prepared containing tibialis anterior samples from wild-

type mice treated with either vehicle or NVP-HSP990.  

A close analysis of the MFI values and linearity of the assay indicated that, similar to 

what was reported in brain hemispheres, the linear regression was more closely 

achieved from 1:9 dilution for all the genes included in the assay. Some variability in 

the expression between treatment groups was exhibited by Ubc, as previously (Figure 

3.10), and Canx. Consistent with what was observed in the brain hemisphere with 

this 20-plex assay, no evidence of differential expression between treatment groups 

was found for the heat shock genes Dnaja3, Dnajb5 (Figure 3.11), Hspa9 or Hspb6 

(Figure 3.12).  
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Figure 3.10. Optimisation of sample input of the QuantiGene 20-plex assay 
(housekeeping genes) for use in wild-type tibialis anterior. 
Tibialis anterior samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL) were pooled, prepared 
in 3-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in duplicate. 
MFI values detected for each dilution from vehicle or NVP-HSP990 samples are 
shown in the graphs and linearity was calculated for each housekeeping gene. 
Atp5b and Ubc show a saturated signal at the 1:3 dilutions. All genes maintain 
a stable expression between treatment groups, with exception of Ubc and Canx. 
WT = wild-type; MFI = median fluorescence intensity. 
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Figure 3.11. Optimisation of sample input of the QuantiGene 20-plex assay for 
use in wild-type tibialis anterior (heat shock genes). 
Tibialis anterior samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL) were pooled, prepared 
in 3-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in duplicate. 
MFI values detected for each dilution from vehicle or NVP-HSP990 samples are 
shown in the graphs and linearity was calculated for each gene of interest. The 
heat shock genes had linear regression lines with different slopes for each 
treatment, with exception of Dnaja3 and Dnajb5. WT = wild-type; MFI = median 
fluorescence intensity. 
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Figure 3.12. Optimisation of sample input of the QuantiGene 20-plex assay for 
use in wild-type tibialis anterior (heat shock genes). 
Tibialis anterior samples from either vehicle or NVP-HSP990 treated wild-type 
mice at equivalent tissue mass / volume (10 mg / 300 µL), were pooled, 
prepared in 3-fold serial dilutions (n = 5 - 6 mice per treatment) and analysed in 
duplicate. MFI values detected for each dilution from vehicle or NVP-HSP990 
samples are shown in the graphs and linearity was calculated for each gene of 
interest. The heat shock genes had linear regression lines with different slopes 
for each treatment, with exception of Hspa9 and Hspb6. WT = wild-type; MFI = 
median fluorescence intensity. 
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3.7 Design of a QuantiGene 18-plex assay 

The heat shock genes Dnaja3 (HSP40), Dnajb5 (HSP40), Hspa9 (HSP70), Hspb6 

(HSP20) included in the 20-plex assay were not showing clear signs of induction after 

treatment with NVP-HSP990, and MFI values in QuantiGene were comparable to 

those obtained in vehicle samples. This was consistently found in all the serial 

dilutions tested and both in brain hemispheres and tibialis anterior. For this reason, 

a new QuantiGene multiplex assay was designed where these four aforementioned 

genes were excluded. Two additional housekeeping genes were included in the new 

plex: Sdha and Gapdh, also reported as stable to be employed as reference genes in 

the context of HD (Benn et al., 2008). The details on the 18-plex designed regarding 

all the genes included as well as accession numbers and probe regions can be found 

in Table 2.5 in Chapter 2. This QuantiGene 18-plex assay was used in all the 

subsequent RNA-based experiments.  

3.8 Summary of results and discussion 

The boost of protein folding by a coordinated upregulation of multiple heat shock 

proteins has been proposed as a promising therapeutic approach in the study of 

protein conformational diseases such as HD (Muchowski and Wacker, 2005; Calamini 

and Morimoto, 2012; Reis et al., 2017; Bose and Cho, 2017). The use of 

pharmacological compounds to induce the heat shock response via HSF1 activation 

has been reported in several models of neurodegeneration with variable results 

(Sittler et al., 2001; Fujikake et al., 2008; Hay et al., 2004; Waza et al., 2005; Neef et 

al., 2010; Katsuno et al., 2005; Auluck et al., 2005). The HSP90 inhibitors are a type 

of pharmacological compound that can achieve this purpose. Through their 

mechanism of action, HSP90 inhibitors release HSF1 from the repressive action by 

HSP90 inhibitory complex and subsequently lead to the transcriptional activation of 

the heat shock genes. In the present study, the HSP90 inhibitor NVP-HSP990 has been 

administered in vivo to mice to elicit the activation of the heat shock response. Unlike 

other HSP90 inhibitors that have reported issues related to toxicity or difficulties in 

formulation, administration or permeability (Neckers and Workman, 2012), NVP-

HSP990 is orally available, brain penetrant and well-tolerated (Menezes et al., 2012). 
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Previous studies in our group have provided evidence of a potent in vivo induction in 

the expression of the heat shock genes after treatment with NVP-HSP990 (Labbadia 

et al., 2011; Carnemolla et al., 2014; Neueder et al., 2017). The experiment illustrated 

in Figure 3.1 in this Chapter 3 reiterated this effective induction, confirming NVP-

HSP990 as a useful tool in the study of the heat shock response. 

RT-qPCR has generally been the method of choice for the quantitative analysis of 

gene expression. Although a highly sensitive and reliable method, RT-qPCR 

methodology is labour-intensive and, also, presents some challenges, such as the 

biases or errors associated with the RNA purification and reverse transcription 

processes that are required for RT-qPCR (Bustin, 2002). With a more simplified 

protocol and the advantage of detecting multiple transcripts simultaneously and 

directly from the sample homogenates, QuantiGene appeared as an appropriate 

methodology to explore for the purposes of the study of the large set of genes 

implicated in the heat shock response. A QuantiGene assay containing the probes to 

detect three major heat shock genes, Hsf1 and Sirt1 (10-plex assay) was initially 

designed to understand and validate the methodology for the research aims.  A 

comparison of the results obtained by both QuantiGene and RT-qPCR was conducted 

using brain hemispheres and tibialis anterior tissues from wild-type mice that had 

received a dose of NVP-HSP990 or vehicle.  

Both RT-qPCR and QuantiGene yielded comparable results (Figure 3.5), 

demonstrating that QuantiGene methodology was suitable for the detection and 

reliable analysis of the expression of heat shock genes and regulators of the heat 

shock response, after pharmacological induction with NVP-HSP990 compound.  

QuantiGene 10-plex assay was also used to assess the kinetics of induction after 

treatment with NVP-HSP990. Previous studies had already pointed out that at 2, 4 

and 8 hours post-dosing there was a potent enhancement of expression for the 

Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) genes (Labbadia et al., 2011). 

The magnitude of induction was evaluated with the QuantiGene assay at 4, 8, 12, 16 

and 20 hours after dosing in brain hemispheres from wild-type mice. This experiment 
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confirmed that 4 hours was a peak of induction for the major heat shock genes 

studied and an adequate time point for harvesting tissues for analysis (Figure 3.6). 

However, in contrast to Hspa1a/b, Hspb1 and Dnajb1 seemed to reach the maximal 

level of induction by 8 hours, with a decline by 12 hours after dosing. This may 

indicate that, after NVP-HSP990 treatment, the patterns of transcriptional activation 

of the heat shock genes in brain tissues do not occur at the same time or speed, which 

may also be applicable to other tissues and would require further evaluation. This 

aspect would need to be taken into consideration when drawing conclusions from 

future RNA-based experiments involving the administration of NVP-HSP990, as the 

peak of induction of all the heat shock genes may not be reached at a single time 

point of analysis.  

In the interest of gaining a wider perspective on the study of the heat shock response 

at a transcriptional level, another QuantiGene multiplex assay (20-plex) was designed 

that included thirteen heat shock genes from several families, Hsf1, Sirt1 and 

housekeeping genes. As for the 10-plex assay, this was optimised to determine the 

optimal sample input by performing a serial dilution of samples from each treatment 

group. The MFI values detected for each dilution in each treatment should decrease 

proportionally to the fold change of the dilution and fit to a linear regression.  

After close evaluation of the MFI values and the linearity range, Dnaja3 (HSP40), 

Dnajb5 (HSP40), Hspa9 (HSP70) and Hspb6 (HSP20) did not exhibit linear regression 

lines with different slopes between vehicle or NVP-HSP990 treatments in either brain 

or tibialis anterior (Figures 3.8, 3.9, 3.11, 3.12). Dnaja3, Dnajb5, Hspa9, and Hspb6 

were chosen to be included in the assay based on previous RNA-Seq and microarray 

data (Labbadia et al., 2011; Neueder et al., 2017); and some of these have been 

reported as potential therapeutic targets or protective factors in neurodegeneration 

and other diseases (Edwards et al., 2011; Li et al., 2017; Zarouchlioti et al., 2017; Finka 

et al., 2015). However, the MFI values observed for these genes for each dilution in 

the NVP-HSP990 group were relatively similar to those observed in vehicle 

counterparts, suggesting that they were not induced by NVP-HSP990 or, possibly, 
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that the transcriptional activation occurs at a time point later than 4 hours post 

dosing.  

In summary, the experiments included in this Chapter have provided two main 

conclusions. First, the confirmation of the efficacy of NVP-HSP990 as a potent 

pharmacological inducer of the heat shock response in vivo in mice and a further 

understanding on the kinetics of this pharmacological induction. Second, the 

validation of the QuantiGene methodology and establishment of assays to use for the 

simultaneous measurement of expression of a large set of heat shock genes and 

regulators of the heat shock response, after treatment with NVP-HSP990. These 

provide the main tools to investigate the activation of the heat shock response in the 

context of HD, as covered in Chapter 4 and Chapter 5 of this thesis. 
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Chapter 4. Analysing the impairment of the heat shock 
response in Huntington’s disease mouse models 

4.1 Introduction 

Due to the features of Huntington’s disease as an expanded repeat disorder where 

an aberrantly long polyQ tract in the HTT protein leads to protein aggregation and 

the formation of insoluble deposits within cells, the heat shock response has been a 

preferential target of study as a potential therapeutic approach. This has been 

covered in more detail in the Introduction (Chapter 1). 

The coordinated upregulation of heat shock genes and proteins via HSF1 activation 

has been proposed as a promising avenue to explore, with varied results in the 

amelioration of the aggregation toxicity in different models of polyQ disease (Waza 

et al., 2005; Sittler et al., 2001; Fujimoto et al., 2005; Fujikake et al., 2008). Previous 

studies of the heat shock response in HD mouse models have used R6/2 mice, which 

are transgenic for a copy of the exon 1 of the human HTT gene (Mangiarini et al., 

1996), and HdhQ150, which express an expanded repeat of around 150 CAGs inserted 

in the endogenous Htt gene (Lin et al., 2001). Labbadia et al. (2011), provided 

evidence of an impaired heat shock response in both models that was correlated with 

disease progression. Even though a mild improvement in motor phenotypes and 

reduction of aggregation load could be observed in R6/2 mice during a weekly, dose-

escalated treatment with NVP-HSP990 compound, these were not long-lasting 

effects. As disease worsened, the capacity to elicit a heat shock response was 

diminished in these mice. However, an impairment in the induction of the heat shock 

response had not been demonstrated in the zQ175 knock-in model, another 

extensively used HD mouse model in which mouse Htt exon 1 has been replaced with 

a mutated version of human exon 1 HTT (Heikkinen et al., 2012; Menalled et al., 

2012).  

A decreased HSF1 availability in the cell, caused by the disease pathology, has been 

hypothesised as an explanation for the disrupted protein quality control in HD 

patients and models, including zQ175 mice (Gomez-Pastor et al., 2017). To clarify 
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this, the HSF1 protein expression was quantified in different zQ175 tissues, as shown 

in the last sections of this Chapter. 

This chapter set out to address the following:  

1. Determine whether the heat shock response is impaired at the transcript level 

in brain hemispheres from symptomatic zQ175 mice and compare this to the 

impairment previously observed in the R6/2 and HdhQ150 models (Labbadia 

et al., 2011).  

2. Optimise the QuantiGene 18-plex assay to determine the working dilutions 

for brain hemispheres, tibialis anterior, striatum and cortex from zQ175 and 

R6/2 mice.  

3. Extend the analysis of the heat shock response in brain hemispheres to tibialis 

anterior, striatum and cortex of zQ175 as well as R6/2 by the QuantiGene 18-

plex assay, to compare the pattern of impairment between these two widely 

used HD mouse models. 

4. As a potential driving mechanism of heat shock response impairment, study 

whether HSF1 protein levels are dysregulated in the brain hemispheres, 

tibialis anterior, striatum and cortex of zQ175 mice and compare this to 

previous data obtained in the R6/2 and HdhQ150 models (Labbadia et al., 

2011). 
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4.2 Comparative analysis of the heat shock response in brain 
hemispheres of zQ175, HdhQ150 and R6/2 at late stages of the 
disease 

The impairment in the induction of the heat shock response at the transcript level 

had been previously analysed in brain tissues of HD mouse models (Labbadia et al., 

2011). In that study, after NVP-HSP990 treatment, the expression levels of major heat 

shock genes Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) were measured 

in the brain hemispheres of R6/2 and HdhQ150 mice at late-stage disease, 

corresponding to 12 weeks and 22 months of age, respectively (Lin et al., 2001; 

Mangiarini et al., 1996; Woodman et al., 2007).  

However, as stated before, a similar analysis had not been conducted for zQ175 mice. 

To resolve if an impaired induction of the heat shock response was occurring at the 

level of transcription, zQ175 mice and their wild-type counterparts at 12 months of 

age were treated with either NVP-HSP990 (12 mg / kg) or vehicle, and brain 

hemispheres were collected at 4 hours after dosing. At this age, zQ175 mice are at 

an early symptomatic stage in their HD phenotype (Heikkinen et al., 2012; Menalled 

et al., 2012). The following Table 4.1 summarises the study design for the zQ175 

model as well as for the previous studies performed in R6/2 and HdhQ150 mice 

(Labbadia et al., 2011).  
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Table 4.1. Summary of mice allocated for the analysis of the heat shock 
response in brain hemispheres of HD mouse models at late stages of disease. 

 zQ175 Delta Neo R6/2 * HdhQ150 * 

Age 12 months 12 weeks 22 months 

N numbers 
8 - 10 mice / 
genotype / 
treatment 

4 mice / genotype 
/ treatment 

4 mice / genotype 
/ treatment 

Drug 
administration Oral gavage 

Frequency of 
administration Single administration 

Dissection time 
post-dosing 4 hours 2, 4 and 8 hours 

Tissues 
collected Brain hemispheres 

Method of 
analysis 

QuantiGene  
18-plex assay 
(9 heat shock 

genes) 

RT-qPCR  
(3 heat shock genes) 

*R6/2 and HdhQ150 mice were dosed, dissected and the gene expression 

analysed by Labbadia et al., (2011) (published).  
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Previous analysis of the heat shock response at the transcriptional level in brain 

hemispheres of R6/2 and HdhQ150 mice had been done by RT-qPCR (Labbadia et al., 

2011). QuantiGene methodology, as explained in Chapter 3, allows for the 

measurement of multiple RNA targets simultaneously with a plex assay. After 

optimisation and evaluation of a 10-plex and 20-plex assay, a final 18-plex (Table 2.5 

in Chapter 2) was designed that contained the probes to detect nine heat shock 

genes: Hspa1a/b (HSP70), Dnaja1 (HSP40), Dnajb1 (HSP40), Hspb1 (HSP25), Hspd1 

(HSP60), Hspe1 (HSP10), Hsph1 (HSP110), Hsp90aa1 (HSP90α), Hsp90ab1 (HSP90b), 

as well as Hsf1, Sirt1 and reference genes Atp5b, Canx, Eif4a2, Gapdh, Rpl13a and 

Sdha. Although Ubc was included in the plex, it was not used as a housekeeping gene, 

in line with what was concluded in the Chapter 3. 

Having established and validated the QuantiGene gene expression assays by a 

comparison with RT-qPCR (Figure 3.4), the zQ175 brain hemispheres collected 4 

hours after dosing were set out to be analysed with the QuantiGene 18-plex assay. 
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4.2.1 Optimisation of the QuantiGene 18-plex assay for use with zQ175 and wild-
type brain hemispheres at 12 months of age 

As covered in Chapter 3, an optimal sample dilution needed to be determined for 

each tissue, genotype and/or experimental condition to be used with the QuantiGene 

plex assays. In the present study involving HD mouse models, it was particularly 

relevant to ensure the housekeeping genes were stably expressed between 

genotypes, as transcriptional dysregulation is a feature of HD mouse models (Benn 

et al., 2008).  

To determine the optimal sample dilution for brain hemispheres from NVP-HSP990 

or vehicle treated wild-type and zQ175 mice, independent pools of brain samples at 

equal concentrations from each treatment group were prepared and subjected to a 

2-fold dilution series.  

As indicated in Figures 4.1 and 4.2, all the housekeeping genes (Figure 4.1) and genes 

of interest (Figure 4.2) followed a linear regression from the 1:4 dilution. The initial 

1:2 dilution showed signs of instability or signal saturation, indicating that a further 

dilution of the sample was required. The housekeeping genes Atp5b, Canx, Rpl13a, 

Eif4a2, Sdha and Gapdh were stably expressed across genotypes and treatment 

groups, particularly from the 1:8 dilution onwards, with more similar MFI values. For 

the genes of interest, the different slopes between the linear regression lines 

corresponding to vehicle or NVP-HSP990 revealed that the expression of all the heat 

shock genes in the plex was upregulated by NVP-HSP990 treatment. Consequently, 

taking the optimisation parameters into consideration (section 3.3.1, Chapter 3), a 

1:9 dilution was chosen for QuantiGene 18-plex analysis of brain hemispheres.  



 148 

 

Figure 4.1. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type brain hemispheres at 12 months of age 
(housekeeping genes). 
Pools of brain hemisphere samples from zQ175 or wild-type mice (n = 8 - 10 
mice / genotype / treatment), at equivalent tissue mass / volume (10 mg / 300 
µL), were prepared in a 2-fold dilution series and analysed in triplicate. MFI 
values that were detected for each dilution from each treatment group are 
shown. Linear regression was analysed for each housekeeping gene. The initial 
dilutions (1:2 dilution) showed signs of an unstable or saturated signal. 
Although with slight differences, all the housekeeping genes maintained a 
stable expression, especially from 1:8 dilution, unaffected by genotype or 
treatment. WT = wild-type; MFI = median fluorescence intensity; m = months.  
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Figure 4.2. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type brain hemispheres at 12 months of age (genes of 
interest). 
Pools of brain hemisphere samples from wild-type mice treated with vehicle or 
NVP-HSP990 (n = 8 mice / treatment), at equivalent tissue mass / volume (10 
mg / 300 µL), were prepared in a 2-fold dilution series and analysed in triplicate. 
MFI values that were detected for each dilution from each treatment group are 
shown. Linear regression was analysed for each gene. The initial dilutions (1:2 
dilution) showed signs of an unstable or saturated signal. In all cases, the heat 
shock genes had linear regression lines with significantly different slopes for 
each treatment group. *** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type; MFI = median 
fluorescence intensity; m = months. 

 



 150 

4.2.2 Analysis of the heat shock response in the brain hemispheres of zQ175 mice 
and comparison to the impairment observed in R6/2 and HdhQ150 

At 12 months of age, as measured by QuantiGene, a significant decrease in the 

induction of Hspa1a/b, Hspb1 and Dnajb1 was found in zQ175 brain hemispheres, 

which presented similarities to the lower induction of these genes in R6/2 and 

HdhQ150, as analysed by RT-qPCR (Figure 4.3; Labbadia et al., 2011). With the 

QuantiGene 18-plex assay, this impaired induction was also detected in Dnaja1, 

Hspe1, Hsph1, Hsp90aa1 and Hsp90ab1 genes (Figure 4.4), thus indicating a clear 

dysregulation of the heat shock response in zQ175 brains. 
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Figure 4.3. Analysis of the heat shock response in brain hemispheres of HD 
mouse models R6/2, HdhQ150 and zQ175 at late symptomatic stage of disease. 
a) and b) are adapted from a figure in Labbadia et al., (2011) and reproduced 
with permission. The expression of heat shock genes Hspa1a/a, Hspb1 and 
Dnajb1 was measured by RT-qPCR (a, b) or QuantiGene (c) in brain hemispheres 
of R6/2 at 12 weeks of age (a) HdhQ150 at 22 months of age (b) and zQ175 at 
12 months of age (c) after treatment with vehicle or NVP-HSP990 at the 
indicated time points. NVP-HSP990 samples were normalised to the 
corresponding wild-type samples treated with vehicle to calculate the fold 
change in expression. N = 4 mice / genotype / treatment for R6/2 and HdhQ150 
mice; N = 6-10 mice / genotype / treatment for zQ175. Statistical analysis by 
Student’s t-test (Labbadia et al., 2011) in a) and b); by two-way ANOVA with 
Bonferroni correction in c). Mean ± SEM.  *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. 
WT = wild-type; Hdh = HdhQ150; HSP990 = NVP-HSP990; veh = vehicle; wk = 
week; AU = arbitrary units; HS = heat shock; h = hours. 
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Figure 4.4. Analysis of the heat shock response in the brain hemispheres of 
zQ175 mice at 12 months of age by QuantiGene. 
The expression of heat shock genes Dnaja1, Hspd1, Hspe1, Hsph1, Hsp90aa1 
and Hsp90ab1 was measured in the brain hemispheres of zQ175 at 12 months 
of age, 4 hours after treatment with vehicle or NVP-HSP990, using the 
QuantiGene 18-plex assay. NVP-HSP990 samples were normalised to the wild-
type samples treated with vehicle. N = 6-10 mice / genotype / treatment. 
Statistical analysis by two-way ANOVA with Bonferroni correction. Mean ± SEM.  

*** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type.  
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4.3 Comparative analysis of the heat shock response in the cortex, 
striatum and tibialis anterior of zQ175 and R6/2 with disease 
progression 

The induction of the heat shock response was clearly disrupted in the brain 

hemispheres of zQ175 mice, as had been demonstrated for R6/2 and HdhQ150 

(Labbadia et al., 2011; Figure 4.3 and 4.4).  To dissect this in more detail, the heat 

shock response was assessed in the tibialis anterior muscle, striatum and cortex of 

zQ175 mice over the course of disease progression. zQ175 mice were dosed with 

vehicle or NVP-HSP990 (12 mg / kg) at 3 months, 12 months and 20 months of age, 

corresponding to pre-symtomatic, early symptomatic and late symptomatic stages, 

respectively (Heikkinen et al., 2012; Menalled et al., 2012).  The tissues of interest 

were collected 4 hours after dosing in all cases.  

In order to interpret the zQ175 data and obtain a wider understanding and 

comparison on the impairment of the heat shock response in HD mouse models, R6/2 

mice were dosed at 12 weeks of age, corresponding to end-stage of the disease, and 

the same tissues were collected for analysis 4 hours post-dosing.  

The study design is summarised in Table 4.2.   
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Table 4.2. Summary of mice allocated for the analysis of the heat shock 
response in the tibialis anterior, striatum and cortex of HD mouse models. 

 zQ175 Delta Neo R6/2 

Age(s) 
3 months 

12 months 
20 months 

12 weeks 

N numbers 6 mice / genotype / 
treatment / age 

7-9 mice / genotype / 
treatment 

Drug administration Oral gavage 

Frequency of 
administration Single administration 

Dissection time 
post-dosing 4 hours 

Tissues collected Tibialis anterior muscle, striatum, cortex 

Method of analysis QuantiGene 18-plex assay 
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4.3.1 Optimisation of the QuantiGene 18-plex assay for use with zQ175, R6/2 and 
wild-type tissues 

As seen in Chapter 3 and section 4.2.1, serial dilution experiments (2-fold) with tibialis 

anterior, striatal and cortical samples from zQ175, R6/2 and their wild-type 

counterparts that had received a dose of NVP-HSP990 or vehicle were carried out to 

identify the optimal dilutions to use with the QuantiGene 18-plex assay. As in 

previous optimisation experiments, this aimed to ensure that none of the 

housekeeping genes had saturated MFI signals or were dysregulated between 

genotypes, treatments or ages. And therefore, samples from the 3- and 20-month 

cohorts were included. In R6/2, if any of the housekeeping genes were dysregulated, 

it would be detected in the cohort at 12 weeks of age. For the heat shock genes, as 

well as avoiding signal saturation, it was important to select a dilution which provided 

MFI values over the limit of detection. This was especially relevant for Hspa1a/b, that 

gave very low MFI values in the vehicle samples, due to low basal (when non-induced) 

expression levels.  
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4.3.1.1 Tibialis anterior 

Independent pools of tibialis anterior samples at equivalent tissue mass / volume (10 

mg / 300 µL), from each treatment group for the zQ175 and R6/2 cohorts, were 

prepared and subjected to a 2-fold serial dilution. The housekeeping genes presented 

a degree of variability in some cases. In particular, for R6/2 and wild-type mice, 

Rpl13a was expressed differently between genotypes and Gapdh was saturated and 

highly variable (Figure 4.8). Although to a lesser extent, this also occurred in the 

zQ175 and wild-type cohorts at 3 and 20 months of age (Figures 4.5 and 4.6). For 

these reasons, Rpl13a and Gapdh were not used as reference genes in the analysis of 

the heat shock response in tibialis anterior.   

In both models, the MFI values for the genes of interest pertaining to either vehicle 

or NVP-HSP990 treatment, followed a linear regression and the slopes of the 

regression lines were significantly different between treatment groups. This 

indicated that transcription of the heat shock genes increased after NVP-HSP990 

treatment (Figures 4.7 and 4.9). Taking the MFI values, limits of detection and 

saturation signals into consideration, a 1:4 dilution was chosen.  



 157 

 

Figure 4.5. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type tibialis anterior at 3 and 20 months of age 
(housekeeping genes). 
Pools of tibialis anterior samples from zQ175 or wild-type mice treated with 
vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / age), at equivalent 
tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold dilution series 
and analysed in duplicate. MFI values that were detected for each dilution from 
each treatment group are shown. Linear regression was calculated for each 
housekeeping gene. All housekeeping genes, except Rpl13a at 20 months of 
age, maintained a stable expression, with no signs of transcriptional 
dysregulation between genotypes or treatment. Rpl13a showed slight 
differences in expression between genotypes at 20 months of age and was 
excluded as reference gene. WT = wild-type; MFI = median fluorescence 
intensity; m = months. 
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Figure 4.6. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type tibialis anterior at 3 and 20 months of age 
(housekeeping genes). 
Pools of tibialis anterior samples from zQ175 or wild-type mice treated with 
vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / age), at equivalent 
tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold dilution series 
and analysed in duplicate. MFI values that were detected for each dilution from 
each treatment group are shown. Linear regression was calculated for each 
housekeeping gene. All housekeeping genes except Gapdh maintained a stable 
expression, with no signs of transcriptional dysregulation between genotypes or 
treatment. Gapdh showed signs of saturation at 3 months or slight differences 
in expression between genotypes at the initial dilutions and was excluded as 
reference gene. WT = wild-type; MFI = median fluorescence intensity; m = 
months. 
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Figure 4.7. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type tibialis anterior at 3 and 20 months of age (genes 
of interest). 
Pools of tibialis anterior samples from wild-type mice treated with vehicle or 
NVP-HSP990 (n = 6 mice / treatment / age), at equivalent tissue mass / volume 
(10 mg / 300 µL), were prepared in a 2-fold dilution series and analysed in 
duplicate. MFI values that were detected for each dilution from each treatment 
group are shown. Linear regression was calculated for each gene. The MFI 
values from vehicle samples, corresponding to basal levels of expression, were 
very low for Hspa1a/b. The heat shock genes had linear regression lines with 
different slopes for each treatment group. WT = wild-type; MFI = median 
fluorescence intensity; m = months. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. 
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Figure 4.8. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type tibialis anterior at 12 weeks of age (housekeeping 
genes). 
Pools of tibialis anterior samples from R6/2 or wild-type mice treated with 
vehicle or NVP-HSP990 (n = 7 - 9 mice / genotype / treatment), at equivalent 
tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold dilution series 
and analysed in duplicate. MFI values that were detected for each dilution from 
each treatment group are shown. Linear regression was analysed for each 
housekeeping gene. The housekeeping genes Atp5b, Sdha, Canx and Eif4a2 
showed a stable expression, especially from 1:4 dilution, across genotypes 
and/or treatment. Gapdh showed saturation at most of the dilutions and signs 
of dysregulation. Rpl13a appeared to be dysregulated, with slopes differing 
between genotypes. Both Gapdh and Rpl13a genes were excluded as reference 
genes. WT = wild-type; MFI = median fluorescence intensity. ** p ≤ 0.01. 
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Figure 4.9. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type tibialis anterior at 12 weeks of age (genes of 
interest). 
Pools of tibialis anterior samples from wild-type mice treated with vehicle or 
NVP-HSP990 (n = 7 - 9 mice/treatment), at equivalent tissue mass / volume (10 
mg / 300 µL), were prepared in a 2-fold dilution series and analysed in duplicate. 
MFI values that were detected for each dilution from each treatment group are 
shown. Linear regression was calculated for each gene. The MFI values from 
vehicle samples corresponding to basal levels of expression were very low for 
Hspa1a/b. The heat shock genes had linear regression lines with significantly 
different slopes for each treatment group. WT = wild-type; MFI = median 
fluorescence intensity. *** p ≤ 0.001; ** p ≤ 0.01. 
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4.3.1.2 Striatum 

The 2-fold dilution series prepared for the 18-plex optimisation of sample input in 

striatum yielded tight MFI values in the duplicates, that fitted to a linear regression 

that proportionally decreased with the dilutions. The housekeeping genes had a 

stable expression that was not affected by the symptomatic stage in zQ175 (Figures 

4.10, 4.11) or R6/2 (Figure 4.13) mice. The expression of the heat shock genes was 

significantly enhanced in the NVP-HSP990 treatment group, with elevated MFI values 

and significantly different slopes between treatments in both models (Figure 4.12, 

4.14). The 1:4 dilution was chosen for this tissue. 
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Figure 4.10. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type striatum at 3 and 20 months of age 
(housekeeping genes). 
Pools of striatal samples from zQ175 or wild-type mice at 3 or 20 months of age 
treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / age), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown. Linear regression was 
calculated for each housekeeping gene. All housekeeping genes showed a stable 
expression at both ages, with no signs of transcriptional dysregulation between 
genotypes or treatment or with age. WT = wild-type; MFI = median fluorescence 
intensity; m = months. 
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Figure 4.11. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type striatum at 3 and 20 months of age 
(housekeeping genes). 
Pools of striatal samples from zQ175 or wild-type mice at 3 or 20 months of age 
treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / age), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown. Linear regression was calculated 
for each housekeeping gene. All housekeeping genes showed a stable 
expression at both ages, with no signs of transcriptional dysregulation between 
genotypes or treatment or with age. WT = wild-type; MFI = median fluorescence 
intensity; m = months. 
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Figure 4.12. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type striatum at 3 and 20 months of age (genes of 
interest). 
Pools of striatal samples from wild-type mice at 3 or 20 months of age treated 
with vehicle or NVP-HSP990 (n = 6 mice / treatment / age), at equivalent tissue 
mass / volume (10 mg / 300 µL), were prepared in a 2-fold dilution series and 
analysed in duplicate. MFI values that were detected for each dilution from each 
treatment group are shown. Linear regression was calculated for each gene. 
The MFI values from vehicle samples corresponding to basal levels of expression 
were very low for Hspa1a/b. Hsp90ab1 showed saturation at the initial 1:2 
dilution. The heat shock genes had linear regression lines with different slopes 
for each treatment group, most of them significantly different. WT = wild-type; 
MFI = median fluorescence intensity; m = months. ** p ≤ 0.01; * p ≤ 0.05. 
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Figure 4.13. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type striatum at 12 weeks of age (housekeeping genes). 
Pools of striatal samples from R6/2 or wild-type mice treated with vehicle or 
NVP-HSP990 (n = 7 - 9 mice / genotype / treatment), at equivalent tissue mass 
/ volume (10 mg / 300 µL), were prepared in a 2-fold dilution series and analysed 
in duplicate. MFI values that were detected for each dilution from each 
treatment group are shown. Linear regression was calculated for each 
housekeeping gene. All housekeeping genes showed a stable expression, across 
genotypes and/or treatment. Eif4a2 and Gapdh showed saturation at 1:2 
dilutions. WT = wild-type; MFI = median fluorescence intensity. 
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Figure 4.14. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type striatum at 12 weeks of age (genes of interest). 
Pools of striatal samples from wild-type mice treated with vehicle or NVP-
HSP990 (n = 7 - 9 mice / treatment), at equivalent tissue mass / volume (10 mg 
/ 300 µL), were prepared in a 2-fold dilution series and analysed in duplicate. 
MFI values that were detected for each dilution from each treatment group are 
shown. Linear regression was calculated for each gene. The MFI values from 
vehicle samples corresponding to basal levels of expression were very low for 
Hspa1a/b. All heat shock genes, except Hsp90ab1, had linear regression lines 
with significantly different slopes for each treatment group. Hsp90ab1 also 
showed signs of saturation at the 1:2 dilution. WT = wild-type; MFI = median 
fluorescence intensity. *** p ≤ 0.001. 
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4.3.1.3 Cortex 

The MFI values for the cortex, as for striatum, followed a linear regression in both 

zQ175 and R6/2, with a proportional decrease with increasing sample dilution. The 

expression of housekeeping genes was again stable across genotypes (Figures 4.15, 

4.16, 4.18) and the expression of the heat shock genes was induced by NVP-HSP990 

treatment (Figures 4.17, 4.19). Because of slight differences in MFI signals and signs 

of saturation in some cases at 1:4 dilution, the 1:6 dilution was selected for the 

cortical region.   
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Figure 4.15. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type cortex at 3 and 20 months of age (housekeeping 
genes). 
Pools of cortical samples from zQ175 or wild-type mice at 3 and 20 months of 
age, treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / 
age), at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 
2-fold dilution series and analysed in duplicate. MFI values that were detected 
for each dilution from each treatment group are shown. Linear regression was 
calculated for each housekeeping gene. All housekeeping genes showed a stable 
expression, with no signs of transcriptional dysregulation between genotypes or 
treatment or with age. WT = wild-type; MFI = median fluorescence intensity; m 
= months. 
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Figure 4.16. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type cortex at 3 and 20 months of age (housekeeping 
genes). 
Pools of cortical samples from zQ175 or wild-type mice at 3 and 20 months of 
age, treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment / 
age), at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 
2-fold dilution series and analysed in duplicate. MFI values that were detected 
for each dilution from each treatment group are shown. Linear regression was 
calculated for each housekeeping gene. All housekeeping genes showed a stable 
expression, with no signs of transcriptional dysregulation between genotypes or 
treatment or with age. WT = wild-type; MFI = median fluorescence intensity; m 
= months. 
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Figure 4.17. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with zQ175 and wild-type cortex at 3 and 20 months of age (genes of 
interest). 
Pools of cortical samples from wild-type mice treated with vehicle or NVP-
HSP990 (n = 6 mice / treatment / age), at equivalent tissue mass / volume (10 
mg / 300 µL), were prepared in a 2-fold dilution series and analysed in duplicate. 
MFI values that were detected for each dilution from each treatment group are 
shown. Linear regression was calculated for each gene. The heat shock genes 
have linear regression lines with different slopes for each treatment group, five 
of them with significantly different slopes, as indicated. Hsp90ab1 showed some 
saturation at the initial 1:2 dilution. WT = wild-type; MFI = median fluorescence 
intensity; m = months. ** p ≤ 0.01; * p ≤ 0.05. 
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Figure 4.18. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type cortex at 12 weeks of age (housekeeping genes). 
Pools of cortical samples from R6/2 or wild-type mice treated with vehicle or 
NVP-HSP990 (n = 7 - 9 mice / genotype / treatment), at equivalent tissue mass 
/ volume (10 mg / 300 µL), were prepared in a 2-fold dilution series and analysed 
in duplicate. MFI values that were detected for each dilution from each 
treatment group are shown. Linear regression was calculated for each 
housekeeping gene. All housekeeping genes showed a stable expression, across 
genotypes and/or treatment. Eif4a2 and Gapdh showed saturation at 1:2 and 
1:4 dilutions. WT = wild-type; MFI = median fluorescence intensity. 
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Figure 4.19. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with R6/2 and wild-type cortex at 12 weeks of age (genes of interest). 
Pools of cortical samples from wild-type mice treated with vehicle or NVP-
HSP990 (n = 7 - 9 mice / treatment), at equivalent tissue mass / volume (10 mg 
/ 300 µL), were prepared in a 2-fold dilution series and analysed in duplicate. 
MFI values that were detected for each dilution from each treatment group are 
shown. Linear regression was calculated for each gene. All heat shock genes, 
except Hsp90aa1, have linear regression lines with significantly different slopes 
for each treatment group. The Hsp90ab1 signal was saturated at 1:2 dilution. 
WT = wild-type; MFI = median fluorescence intensity; m = months. *** p ≤ 
0.001; ** p ≤ 0.01; * p ≤ 0.05. 
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The following Table 4.3 is a summary of the dilutions that were selected for each 

region as optimal to be used with the QuantiGene 18-plex assay.  

Table 4.3. Summary of optimal dilutions for QuantiGene 18-plex assay with 
R6/2 and zQ175 brain and muscle tissues. 

QuantiGene 
assay 

Mouse 
model 

Tissue 
Dilution of 

starting material 
(10 mg / 300 µl) 

Final input 
(µg/µl) 

18-plex 

zQ175 
Brain 

hemisphere 
1:9 3.7 

zQ175 Tibialis 
anterior 

1:4 8.3 
R6/2 

zQ175 
Striatum 1:4 8.3 

R6/2 

zQ175 
Cortex 1:6 5.5 

R6/2 
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4.3.2 Analysis of the heat shock response in the tibialis anterior of zQ175 and R6/2 
mouse models 

After optimisation, the 18-plex assay was applied to assess heat shock gene 

expression in the tibialis anterior, striatum and cortex of zQ175 and R6/2 mice. zQ175 

mice had been dosed with vehicle or NVP-HSP990 (12 mg / kg) at 3 months, 12 

months and 20 months of age, R6/2 mice at 12 weeks and tissues had been collected 

4 hours after dosing (Table 4.2).  

Starting with the tibialis anterior, after close evaluation of the data, five NVP-HSP990 

samples, from mice of different ages, had to be removed from the analysis, as the 

MFI signals and, consequently, fold changes in heat shock gene expression, were very 

similar to vehicle levels, indicating that NVP-HSP990 treatment had not caused heat 

shock induction in these mice. Specifically, these samples were: at 3 months of age, 

two wild-type samples; at 12 months of age, one wild-type sample and at 20 months 

of age, one wild-type and one zQ175 sample. For consistency, these same samples 

were also excluded from the analysis of the striatal and cortical regions. No samples 

were excluded from the R6/2 cohort.  

In tibialis anterior, and in line with what was previously observed (Figures 3.1, 3.4; 

Neueder et al., 2017), the fold changes in heat shock gene expression after treatment 

with NVP-HSP990 were much more elevated than that observed in brain regions for 

both the zQ175 and R6/2 models.  

In zQ175, eight of the nine genes studied (Hspa1a/b, Dnaja1, Dnajb1, Hspb1, Hspd1, 

Hspe1, Hsph1 and Hsp90aa1) had a dysregulated induction of expression as 

compared to the wild-type littermates, that, in all cases, was present by 12 months 

of age, correlating with the early symptomatic stage of the disease (Figures 4.20, 

4.21). An evident dysregulation was also found in the tibialis anterior of R6/2 mice at 

end-stage of the disease. This involved the same genes as in zQ175, except for Dnajb1 

and Dnaja1 for which the level of induction was very variable between mice. 

Interestingly, the impaired induction appeared to be generally more robust in R6/2, 
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as a greater reduction in the fold change of expression was seen, especially for the 

Hspa1a/b, Hspb1 and Hsph1 genes (Figures 4.20, 4.21). 

 

Figure 4.20. Comparative analysis of the heat shock response in the tibialis 
anterior of zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 weeks 
of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspa1a/b, Dnaja1 and Dnajb1 in the tibialis anterior of 
zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of age, 4 hours after 
treatment with vehicle or NVP-HSP990. All the NVP-HSP990 samples were 
normalised to the corresponding wild-type vehicle samples. For simplicity, in 
zQ175 graphs, all the wild-type vehicle samples and all the zQ175 vehicle 
samples from the three ages were plotted together. N = 6 – 9 mice / genotype / 
treatment for R6/2 and N = 4 - 6 mice / genotype / treatment / age for zQ175. 
Data were analysed by two-way ANOVA with Bonferroni correction for multiple 
comparisons. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. WT = wild-
type; m = months. 

 



 177 

 

 



 178 

Figure 4.21. Comparative analysis of the heat shock response in the tibialis 
anterior muscle of zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 
weeks of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspb1, Hspd1, Hspe1, Hsph1, Hsp90aa1 and Hsp90ab1 in 
the tibialis anterior of zQ175 at 3, 12 and 20 months of age and R6/2 at 12 
weeks of age, 4 hours after treatment with vehicle or NVP-HSP990. All the NVP-
HSP990 samples were normalised to the corresponding wild-type vehicle 
samples. For simplicity, in zQ175 graphs, all the wild-type vehicle samples and 
all the zQ175 vehicle samples from the three ages were plotted together.  N = 6 
– 9 mice / genotype / treatment for R6/2 and N = 4 - 6 mice / genotype / 
treatment / age for zQ175. Data were analysed by two-way ANOVA with 
Bonferroni correction for multiple comparisons. Mean ± SEM. *** p ≤ 0.001; ** 
p ≤ 0.01; * p ≤ 0.05. WT = wild-type; m = months. 

 

4.3.3 Analysis of the heat shock response in the striatum of zQ175 and R6/2 
mouse models 

As displayed in Figures 4.22 and 4.23, the impairment that was detected in striatum 

followed a comparable pattern in both zQ175 and R6/2, generally with similar fold 

changes of expression and decline in the induction. Five genes were consistently 

dysregulated in both models: Hspa1a/b, Dnaja1, Hspd1, Hspe1 and Hsph1. Due to a 

high variability between the NVP-HSP990 samples in R6/2, the decrease in the 

induced levels of Hspa1a/b expression did not reach statistical significance.  In zQ175, 

the dysregulated induction for these genes was apparent in all cases from 3 months 

of age. Surprisingly, and in contrast to the brain hemisphere data for both zQ175 and 

R6/2 (Figure 4.3; Labbadia et al., 2011), neither Dnajb1 nor Hspb1 were clearly 

affected in the striatal region.  
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Figure 4.22. Comparative analysis of the heat shock response in the striatum of 
zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 weeks of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspa1a/b, Dnaja1, Dnajb1 in the striatum of zQ175 at 3, 
12 and 20 months of age and R6/2 at 12 weeks of age, 4 hours after treatment 
with vehicle or NVP-HSP990. All NVP-HSP990 samples were normalised to the 
corresponding wild-type vehicle samples. For simplicity, in zQ175 graphs, all the 
wild-type vehicle samples and all the zQ175 vehicle samples from the three ages 
were plotted together. N = 6 – 9 mice / genotype / treatment for R6/2 and N = 
4 - 6 mice / genotype / treatment / age for zQ175. Data were analysed by two-
way ANOVA with Bonferroni correction for multiple comparisons. Mean ± SEM. 
*** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type; m = months. 
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Figure 4.23. Comparative analysis of the heat shock response in the striatum of 
zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 weeks of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspb1, Hspd1, Hspe1, Hsph1, Hsp90aa1 and Hsp90ab1 in 
the striatum of zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of 
age, 4 hours after treatment with vehicle or NVP-HSP990. All NVP-HSP990 
samples were normalised to the corresponding wild-type vehicle samples. For 
simplicity, in zQ175 graphs, all the wild-type vehicle samples and all the zQ175 
vehicle samples from the three ages were plotted together. N = 6 – 9 mice / 
genotype / treatment for R6/2 and N = 4 - 6 mice / genotype / treatment / age 
for zQ175. Data were analysed by two-way ANOVA with Bonferroni correction 
for multiple comparisons. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. 
WT = wild-type; m = months. 

 

 

4.3.4 Analysis of the heat shock response in the cortex of zQ175 and R6/2 mouse 
models 

When compared to the tibialis anterior and striatum, the heat shock response was 

impaired to a lesser extent in the cortex. This was especially true for the zQ175 

model, where only Hspa1a/b, Hspe1 and Hsph1 exhibited some level of 

dysregulation, and only at 12 months, whereas for R6/2, the impairment was more 

established for these same genes, and Hspd1 was also affected. Consistent with the 

striatal data, Dnajb1 and Hspb1 did not display signs of reduced induction in any 

model (Figures 4.24 and 4.25).  
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Figure 4.24. Comparative analysis of the heat shock response in the cortex of 
zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 weeks of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspa1a/b, Dnaja1 and Dnajb1 in the cortex of zQ175 at 3, 
12 and 20 months of age and R6/2 at 12 weeks of age, 4 hours after treatment 
with vehicle or NVP-HSP990. All NVP-HSP990 samples were normalised to the 
corresponding wild-type vehicle samples. For simplicity, in zQ175 graphs, all the 
wild-type vehicle samples and all the zQ175 vehicle samples from the three ages 
were plotted together. N = 6 – 9 mice / genotype / treatment for R6/2 and N = 
4 - 6 mice / genotype / treatment / age for zQ175. Data were analysed by two-
way ANOVA with Bonferroni correction for multiple comparisons. Mean ± SEM.  
** p ≤ 0.01. WT = wild-type; m = months. 
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Figure 4.25. Comparative analysis of the heat shock response in the cortex of 
zQ175 (at 3, 12 and 12 months of age) and R6/2 mice (at 12 weeks of age). 
The QuantiGene 18-plex assay was used to measure the levels of expression of 
the heat shock genes Hspb1, Hspd1, Hspe1, Hsph1, Hsp90aa1 and Hsp90ab1 in 
the cortex of zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of age, 
4 hours after treatment with vehicle or NVP-HSP990. The NVP-HSP990 samples 
were normalised to the corresponding wild-type vehicle samples. For simplicity, 
in zQ175 graphs, all the wild-type vehicle samples and all the zQ175 vehicle 
samples from the three ages were plotted together. N = 6 – 9 mice / genotype / 
treatment for R6/2 and N = 4 - 6 mice / genotype / treatment / age for zQ175. 
Data were analysed by two-way ANOVA with Bonferroni correction for multiple 
comparisons. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. WT = wild-
type; m = months. 
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4.4 Analysis of HSF1 expression in Huntington’s disease mouse models 

The analysis of the heat shock response at the transcriptional level in zQ175 and R6/2 

tissues led to the conclusion that a distinct impairment in the ability to activate the 

heat shock response was present in both the brain and muscle of these two HD 

mouse models.  

A recent publication reported that HSF1 was abnormally degraded in HD cell models, 

post-mortem brains and cells from HD patients and tissues from the zQ175 HD mouse 

model. The authors proposed that the mutant HTT protein increased HSF1 

phosphorylation, leading to its degradation (Gomez-Pastor et al., 2017). 

To investigate whether a reduction in HSF1 could cause the heat shock response 

transcriptional impairment in zQ175 mice, an analysis of HSF1 levels was conducted 

in zQ175 tissues at late-stage disease.  

4.4.1 Hsf1 gene expression in brain and muscle of zQ175 mice 

 

Before the analysis at the protein level, Figure 4.26 summarises the levels of Hsf1 

gene expression, as measured by QuantiGene in all the regions studied.  

There was no difference in the basal levels of Hsf1 (vehicle treatment) in brain 

hemispheres, or striatum, and a mild reduction was found in tibialis anterior and 

cortex at one time point only. There was no difference in Hsf1 levels after induction 

with NVP-HSP990 in tibialis anterior, striatum or cortex at any time point, although a 

reduction was observed in brain hemispheres. However, given that Hsf1 is not 

induced, it probably has no biological significance.  
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Figure 4.26. Expression of Hsf1 gene in zQ175 tissues as measured by 
QuantiGene. 
Hsf1 expression was analysed by QuantiGene in the brain hemispheres at 12 
months of age and tibialis anterior, striatum and cortex at 3, 12 and 20 months 
of age, 4 hours after treatment with vehicle or NVP-HSP990. N = 7 - 9 mice / 
genotype / treatment for brain hemispheres; N = 4 - 6 mice / genotype / 
treatment / age for tibialis anterior, striatum and cortex. Statistical analysis by 
two-way ANOVA with Bonferroni correction for multiple comparisons. Mean ± 
SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. WT = wild-type; m = months. 
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4.4.2 Characterisation and optimisation of experimental conditions for HSF1 

commercial antibodies  

A thorough characterisation of commercial HSF1 antibodies from different suppliers 

was conducted to select which could be used to measure HSF1 levels in zQ175 tissues.  

In order to confirm that the HSF1 antibodies were detecting HSF1, two controls were 

included in all of the experiments. As a negative control, Hsf1 knockout samples were 

used, as the absence of a band in Hsf1 knockout lysates would indicate the location 

and size of the correct protein. As a positive control for the HSF1 activated state, 

samples from wild-type mice that had been dosed with NVP-HSP990 were included. 

As a consequence of NVP-HSP990 treatment, HSF1 becomes hyperphosphorylated 

which, as reported (Labbadia et al., 2011; Neueder et al., 2014; Neueder et al., 2017), 

can be detected as a hypershifted band on western blots. 

Brain hemispheres were collected from wild-type mice, Hsf1 knockout mice, and 

wild-type mice that had been treated with 12 mg / kg NVP-HSP990. Lysates were 

prepared in a variety of lysis buffers (RIPA, HEPES, KCl, Triton), including several 

phosphatase inhibitors as required. The antibodies were tested in a range of dilutions 

and with two blocking solutions. Additionally, for some of the antibodies, the 

optimisation also involved a comparison between precast gels (Criterion gels, Bio-

Rad) and polyacrylamide gels made in-house. More experimental details can be 

found in Chapter 2 (section 2.1.6). 

Figures 4.27 – 4.30 comprise a series of representative western blot images, all 

indicating the experimental conditions that were tested. In Figure 4.27, both 

antibodies from Enzo Life Sciences (ADI-SPA-901F and ADI-SPA-950F) seemed to 

detect a band that, especially for ADI-SPA-950F, appeared to be hypershifted in the 

NVP-HSP990 treated samples. These antibodies were further analysed in additional 

gels, however, the lanes containing Hsf1 knockout samples consistently showed a 

band in all cases. In Figure 4.28, the Santa Cruz antibody sc-17757 was interacting 

with multiple bands, even in the Hsf1 knockout samples, and therefore, was 
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discarded. The antibody sc-13516 was more promising and detected the HSF1 

activated state, however, even though it was also tested in precast and in-house 

made gels, a band was always present in the Hsf1 knockout lanes. In Figure 4.29, 

representative blots using antibodies from Abcam and Bethyl Laboratories are 

shown. Both of the Abcam antibodies (ab2923 and ab61382) were very non-specific 

and there were no differences in the bands for the wild-type, Hsf1 knockout or 

induced samples. The same applied to Bethyl Laboratories antibodies A303-174AT 

and A303-175AT. Finally in Figure 4.30, two examples from blots using antibodies Cell 

Signalling #4356T and Invitrogen PA3-017 showed a very faint and non-specific signal 

in all of the samples. None of these antibodies clearly recognised HSF1 and in some 

cases, multiple, non-specific bands were detected.  

Two antibodies, Bethyl A303-176A and Proteintech 51034-1-AP, were found to 

detect HSF1, as a hypershifted band was observed in the NVP-HSP990-treated 

samples and this band was absent in the Hsf1 knockout lanes. These two antibodies 

were used in the subsequent experiments. Of all of the antibodies tested, these were 

the only two antibodies that could also be used to reliably detect HSF1 in muscle, 

especially Proteintech 51034-1-AP antibody, using a similarly comprehensive 

analysis.  
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Figure 4.27. Representative western blots with HSF1 antibodies from Enzo Life 
Sciences, ADI-SPA-901-F (top) and ADI-SPA-950-F (bottom). 
Predicted HSF1 band sizes: 80 - 95 kDa (ADI-SPA-901), 85 kDa (ADI-SPA-950). 
These antibodies seemed to detect a hypershift in lysates from NVP-HSP990 
treated mice, however a band was always detected in Hsf1 knockout lanes. WT = 
wild-type; het = heterozygous; KO = knockout; 990 = NVP-HSP990; Halt inhib. = 
Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific); Na orth.= Na 
orthovanadate; PhosSTOP = phosphatase inhibitor tablets (Roche). 
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Figure 4.28. Representative western blots with HSF1 antibodies from Santa Cruz 
Biotechnology, sc-17757 (top) and sc-13516 (bottom). 
Predicted HSF1 band sizes: 89-90 kDa (sc-17757 and sc-13516). Multiple 
proteins were detected by sc-17757, none absent in Hsf1 knockout lanes. A 
hypershifted band was detected by sc-13516 in lysates from NVP-HSP990 
treated mice, but a band was always present in the Hsf1 knockout lanes. WT = 
wild-type; het = heterozygous; KO = knockout; 990 = NVP-HSP990; Halt inhib. = 
Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific); Na orth.= Na 
orthovanadate; PhosSTOP = phosphatase inhibitor tablets (Roche); h = hours. 
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Figure 4.30. Representative western blots with HSF1 antibodies Cell Signalling 
#4356T (left) and Invitrogen PA3-017 (right). 
Predicted size of HSF1 band detected: 80 kDa (Cell Signalling #4356T), 83 kDa 
(Invitrogen PA3-017). Non-specific or weak signals were detected for Cell 
Signalling #4356T antibody; multiple bands detected with Invitrogen PA3-017. 
No band was absent in the Hsf1 knockout lanes. WT = wild-type; het = 
heterozygous; KO = knockout; 990 = NVP-HSP990; Na orth.= Na orthovanadate. 

 

Figure 4.29.  Representative western blots with HSF1 antibodies from Abcam 
ab2923 and ab61382 (top) and from Bethyl Laboratories A303-174AT and 
A303-175AT (bottom). 
Predicted HSF1 band sizes: 83 kDa (ab2923), 57 kDa (ab61382), 70 kDa (Bethyl 
A303-174AT and A303-175AT). Multiple proteins were detected, none absent in 
the Hsf1 knockout lanes. WT = wild-type; het = heterozygous; KO = knockout; 
990 = NVP-HSP990; Halt inhib. = Halt phosphatase inhibitor cocktail (Thermo 
Fisher Scientific); Na orth.= Na orthovanadate; PhosSTOP = phosphatase 
inhibitor tablets (Roche). 
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4.4.3 HSF1 expression in the brain hemispheres of zQ175 mice at 12 months of 
age and comparison with R6/2 and HdhQ150 mouse models  

To begin to elucidate whether the expression of HSF1 was affected by disease 

progression in the zQ175 model and, potentially, could be responsible for the 

disruption of the heat shock response at transcriptional level (Figure 4.3), the other 

brain hemisphere from the 12-month zQ175 cohort (n = 6 mice / genotype / 

treatment), collected 4 hours after NVP-HSP990 or vehicle dosing, was lysed using 

the optimised conditions for western blotting with HSF1 antibodies determined in 

the previous section. This was the age at which the zQ175 mice had been analysed 

by Gomez-Pastor et al. (2017). 

The levels of HSF1 were quantified separately for each treatment group, normalising 

to the corresponding wild-type and using ATP5B as the loading control. In the vehicle 

group (basal expression), HSF1 levels in zQ175 brains were found to be slightly higher 

than in wild-type brains. Similar levels of HSF1 expression between zQ175 and wild-

type were quantified in the NVP-HSP990 group (Figure 4.31, a). A hypershift could be 

detected for the NVP-HSP990 samples, a consequence of the hyperphosphorylation 

of HSF1 in the activated state after induction of the heat shock response. 

These results were consistent with the data obtained in R6/2 and HdhQ150 by 

Labbadia et al. (2011). HSF1 expression was measured at 12 weeks of age for R6/2 

and 22 months of age for HdhQ150, 2 hours after treatment with vehicle or NVP-

HSP990. The hypershift was also visible in the NVP-HSP990 samples and the 

expression was quantified relative to α -tubulin. In both models, as depicted in Figure 

4.31 (b, c, d), HSF1 remained unaltered between genotypes.  
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Figure 4.31. HSF1 expression in the brain hemispheres of zQ175 (12 months), 
R6/2 (12 weeks) and HdhQ150 (22 months) by western blotting. 
a) HSF1 expression was measured in brain hemispheres of zQ175 at 12 months 
of age, collected 4 hours after dosing, using the Proteintech 51034-1-AP HSF1 
antibody. The levels of HSF1 expression were quantified per treatment group, 
relative to the ATP5B loading control and normalised to the corresponding wild-
type mice. N = 6 mice / genotype / treatment. Uncropped blots are included in 
the Appendix Figure 1. Statistical analysis by unpaired Student’s t-test. Mean ± 
SEM. ** p ≤ 0.01. b) and c) HSF1 expression was analysed in brain hemispheres 
of R6/2 at 12 weeks of age (b) and HdhQ150 at 22 months of age (c). d) 
Quantification of HSF1 expression detected in b) and c), relative to α -tubulin 
loading control. N = 4 mice / treatment group. b), c) and d) are adapted from a 
figure in Labbadia et al., (2011) and reproduced with permission. WT = wild-
type; Hdh = HdhQ150; Veh = vehicle; 990 = NVP-HSP990; wk = weeks; m = 
months. 

 

4.4.4 HSF1 expression in the tibialis anterior, striatum and cortex of zQ175 mice 
at 20 months of age 

Following on from the analysis in the brain hemispheres and to complete the picture 

of HSF1 expression in zQ175, HSF1 expression was evaluated in tibialis anterior 

muscle, striatum and cortex regions of zQ175 at end-stage of disease (20 months of 

age), 4 hours after being administered with vehicle or NVP-HSP990. These were the 

three types of tissues that had been analysed by Gomez-Pastor et al. (2017). The 

remaining tibialis anterior, striatum and half cortex from the zQ175 cohort at 20 

months of age used in the transcriptional analysis were processed for western 

blotting (n = 5 - 6 mice / genotype / treatment). The NVP-HSP990 samples that were 

previously excluded in the transcriptional analysis (section 4.3.2) were also excluded 

from protein quantification. The uncropped blots can be found in the Appendix, on 

which the samples removed from the analysis are indicated (Appendix Figures 2, 3, 

4). 

As for the brain hemispheres (Figure 4.31), the quantification of HSF1 levels was done 

separately for vehicle and NVP-HSP990 treated samples from each tissue. This 

expression of HSF1 at basal or activated states in zQ175 was equivalent to the 

expression in the corresponding wild-type in all of the tissues studied (Figure 4.32).  
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Figure 4.32. HSF1 expression in the tibialis anterior, striatum and cortex of 
zQ175 at 20 months of age, by western blotting. 
HSF1 expression was measured in tibialis anterior, striatum and cortex of zQ175 
at 20 months of age, collected 4 hours after dosing, using the Proteintech 
51034-1-AP HSF1 antibody for tibialis anterior and cortex and the Bethyl A303-
176A antibody for striatum. The levels of HSF1 expression were quantified per 
treatment group, relative to ATP5B loading control and normalised to the 
corresponding wild-type mice. N = 5 - 6 mice / genotype / treatment. Uncropped 
blots are included in the Appendix Figures 2, 3, 4. Statistical analysis by unpaired 
Student’s t-test. Mean ± SEM. WT = wild-type; 990 = NVP-HSP990; Veh = 
vehicle; m = months; ant. = anterior. 
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4.5 Summary of results and discussion 

The heat shock response has been the subject of extensive investigation in HD. Our 

group participated in this research and provided evidence of a defective induction of 

the heat shock response in the HD mouse models R6/2 and HdhQ150, and this defect 

was correlated with the progression of the disease. The pulsed treatment with NVP-

HSP990 led to a modest improvement of some HD phenotypes and reduction of 

aggregation, however, as disease progressed, the HD mice developed an attenuated 

ability to induce the heat shock response (Labbadia et al., 2011). Studies using the 

zQ175 mouse model had proposed that this heat shock response impairment was 

caused by a reduction in HSF1 levels (Gomez-Pastor et al., 2017). However, that a 

disease-related heat shock impairment occurs in zQ175 mice was not shown in that 

paper and has not been demonstrated elsewhere. Therefore, to further investigate 

the role of HSF1, a detailed characterisation of the heat shock response in the zQ175 

mouse model was performed.  

The following tables (Tables 4.4 – 4.7) summarise the results obtained and statistical 

significance from the gene expression analysis carried out, either by QuantiGene or 

RT-qPCR, in brain hemispheres, tibialis anterior, striatum and cortex of R6/2 and 

zQ175 mice, after being dosed with NVP-HSP990 or vehicle, at different ages. 
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Table 4.4. Summary of results from the gene expression analyses in brain 
hemispheres of zQ175 at 12 months of age and R6/2 at 12 weeks of age. 

 Brain hemispheres 

 zQ175 – 12 months R6/2 – 12 weeks 

Genes 4 hours 4 hours 8 hours 

Hspa1a/b *** *** *** 

Dnaja1 *** - - 

Dnajb1 *** *** * 

Hspb1 *** * *** 

Hspd1 n.s. - - 

Hspe1 *** - - 

Hsph1 *** - - 

Hsp90aa1 *** - - 

Hsp90ab1 ** - - 

 

The analysis of gene expression in brain hemispheres samples from R6/2 mice was 
performed by RT-qPCR by Labbadia et al. (2011) only for the Hspa1a/b, Hspb1 and 
Dnajb1 genes.  

n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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Table 4.5. Summary of results from the gene expression analyses in tibialis 
anterior of zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of age. 

 Tibialis anterior 

 R6/2  zQ175 

Genes 12 weeks 3 months 12 months 20 months 

Hspa1a/b *** n.s. *** * 

Dnaja1 n.s. * ** n.s. 

Dnajb1 n.s. n.s. *** ** 

Hspb1 *** n.s. * * 

Hspd1 *** n.s. ** *** 

Hspe1 *** n.s. *** *** 

Hsph1 *** n.s. ** * 

Hsp90aa1 *** n.s. ** n.s 

Hsp90ab1 n.s. n.s. n.s. n.s. 

   n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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Table 4.6. Summary of results from the gene expression analyses in striatum of 
zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of age 

 Striatum 

 R6/2  zQ175 

Genes 12 weeks 3 months 12 months 20 months 

Hspa1a/b n.s. ** *** n.s. 

Dnaja1 *** *** *** n.s. 

Dnajb1 n.s. n.s. n.s. n.s. 

Hspb1 n.s. n.s. * n.s. 

Hspd1 *** *** *** n.s. 

Hspe1 *** * *** * 

Hsph1 *** *** *** ** 

Hsp90aa1 n.s. * n.s. n.s. 

Hsp90ab1 *** n.s. * n.s. 

   n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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Table 4.7. Summary of results from the gene expression analyses in cortex of 
zQ175 at 3, 12 and 20 months of age and R6/2 at 12 weeks of age 

 Cortex 

 R6/2  zQ175 

Genes 12 weeks 3 months 12 months 20 months 

Hspa1a/b n.s. n.s. ** n.s. 

Dnaja1 n.s. n.s. n.s. n.s. 

Dnajb1 n.s. n.s. n.s. n.s. 

Hspb1 n.s. n.s. n.s. n.s. 

Hspd1 * n.s. n.s. n.s. 

Hspe1 *** n.s. * n.s. 

Hsph1 *** n.s. *** n.s. 

Hsp90aa1 n.s. n.s. n.s. n.s. 

Hsp90ab1 * n.s. n.s. n.s. 

    n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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The conclusions that could be drawn from the experimental work in this Chapter are: 

• The induction of the heat shock response was impaired in symptomatic 

zQ175 mice at the transcriptional level.  

As measured by QuantiGene after thorough optimisation (Figures 4.1 and 4.2), a clear 

impairment was detected in brain hemispheres and this was consistent with previous 

data obtained for the R6/2 and HdhQ150 models (Labbadia et al., 2011; Figures 4.3 

and 4.4). The limitations associated to RT-qPCR had only allowed the analysis of a few 

heat shock genes in R6/2 and HdhQ150; the QuantiGene methodology allowed for a 

broader range of heat shock genes to be studied (Figure 4.4).  

 The development of the QuantiGene multiplex assay for simultaneously measuring 

the expression levels of many heat shock genes, made a more complete analysis of 

heat shock impairment in multiple tissues at different stages of disease feasible. 

Therefore, the pattern of impairment was defined in the tibialis anterior, striatum 

and cortex of zQ175 mice over the course of the disease: at 3, 12 and 20 months of 

age. The same regions were also analysed in the R6/2 mice at end-stage of the 

disease (12 weeks of age) to compare the levels of impairment between two of the 

most intensively studied mouse models of HD. Optimal lysate dilutions for the 

QuantiGene 18-plex assay were determined for each tissue and HD mouse model 

(Figures 4.5 – 4.19 and Table 4.3). 

Robust evidence of a deficit in the heat shock response was observed in both models 

in tibialis anterior and striatum, especially. In tibialis anterior, eight heat shock genes 

(Hspa1a/b, Dnaja1, Dnajb1, Hspb1, Hspd1, Hspe1, Hsph1 and Hsp90aa1) appeared 

to be dysregulated in zQ175 by 12 months of age. In R6/2, most of the heat shock 

genes studied also showed a lower induction at end-stage (with exception of Dnaja1 

and Dnajb1 that presented a considerable variability between samples), with a more 

prominent reduction than in zQ175 (Figures 4.20 and 4.21). Specific features in the 

progression of muscle pathology and motor phenotypes in HD mouse models may 
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explain these differences in the decreased levels of expression (Ribchester et al., 

2004; Carter et al., 1999; Menalled et al., 2012). 

In striatum, the pattern of heat shock response impairment was highly comparable 

between zQ175 and R6/2 mice, with most of the heat shock genes showing 

attenuated induction (Figures 4.22 and 4.23). Interestingly, in zQ175 the signs of 

dysregulation were apparent as early as 3 months of age. 

In cortex, a conclusive impairment was seen in R6/2 with five genes affected, 

however, there was limited proof of such an impairment in zQ175 (Figures 4.24 and 

4.25). As in the tibialis anterior, the extent to which the heat shock response is 

impaired in the cortex may be associated with differences in the cortical pathology 

between the two mouse models (Li et al., 1999; Davies et al., 1997; Sathasivam et al., 

2010; Peng et al., 2016; Carty et al., 2015). Unlike the observation in brain 

hemispheres (Figures 4.3, 4.4), a clear pattern of dysregulated induction could not be 

detected for Dnajb1 and Hspb1 in striatum and cortex, which may indicate that these 

two genes are more dysregulated in other areas of the brain.  

A higher density and earlier appearance of aggregated huntingtin has been reported 

in the striatum of zQ175 mice at 3 - 4 months of age, whereas in the cortex, this was 

not visible until 6 - 8 months of age (Carty et al., 2015). This may explain the more 

robust and earlier dysregulation of the heat shock response observed in the striatum 

as compared to the cortex. Additionally, the later observation of an impairment of 

the heat shock response in the tibialis anterior than in brain regions may be relative 

to the later formation of inclusions in non-CNS tissues in HD models (Sathasivam et 

al., 1999; Moffitt et al., 2009). 

• Consistent with previous observations in R6/2 and HdhQ150 models 

(Labbadia et al., 2011), HSF1 basal or activated levels were not decreased in 

zQ175 mice. 
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The disruption in HSF1 availability is potentially an underlying mechanism that may 

drive the impairment of the heat shock response observed in HD mice. A recent 

publication by Gomez-Pastor et al. (2017) proposed a model whereby mutant HTT 

promotes HSF1 degradation by increasing CK2α’ kinase and FBXW7 levels, leading to 

an enhanced HSF1 phosphorylation and ubiquitination. To elucidate whether that 

may be occurring in zQ175, the HSF1 protein levels were measured in the zQ175 

tissues that had been collected.  

Prior to any protein experiments with zQ175 tissues, twelve HSF1 commercial 

antibodies were characterised. In order to confirm that the correct HSF1 band was 

detected, Hsf1 knockout samples (negative control) and samples from mice treated 

with NVP-HS990 (positive control for detection of hyperphosphorylated HSF1) were 

always included. The characterisation of these antibodies required testing a series of 

experimental conditions (combinations of lysis buffers, inhibitors, blocking solutions, 

gels and antibody dilutions). Although some of these antibodies showed promising 

results, a band was always detected in the Hsf1 knockout lanes. Only two of the 

antibodies, A303-176A (Bethyl Laboratories) and 51034-1-AP (Proteintech), were 

eventually selected as they reliably recognised a band at the expected size, that was 

hypershifted in NVP-HSP990 samples and absent in Hsf1 knockout samples.  

In contrast to what was reported in cortex, striatum and muscle of zQ175 (Gomez-

Pastor et al., 2017), the data presented in this thesis (Figures 4.28 and 4.29) did not 

agree with the hypothesis that the decreased transcriptional activation of heat shock 

genes, and subsequent translation of chaperones, may be caused by decreased HSF1 

levels. Data in Figure 4.29 indicated that both basal (vehicle) and activated (NVP-

HSP990-treated) levels of HSF1 remained unaltered between zQ175 and wild-type 

tibialis anterior, striatum and cortex at 20 months of age. In line with the previous 

analysis of R6/2 and HdhQ150 brain hemispheres at end-stage (Labbadia et al., 2011), 

neither basal nor activated HSF1 levels were decreased in zQ175 brain hemispheres 

at 12 months of age. Furthermore, at basal conditions (vehicle), HSF1 level was mildly 

elevated in zQ175 as compared to wild-type (Figure 4.28).  
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• Other mechanisms / disease processes need to be considered to explain the 

heat shock response impairment in HD.  

The data collected regarding HSF1 expression in zQ175 are strongly in accordance 

with another disease mechanism being responsible for the impairment of the heat 

shock response with HD progression. Previous work by Labbadia et al. (2011) 

suggested that alterations in the chromatin structure involving a decreased tetra-

acetylation of histone H4 may be affecting HSF1 accessibility to heat shock gene 

promoters. It has been reported that histone modifications could significantly 

obstruct the binding of HSF1 to the sequence binding motifs in the promoters of heat 

shock genes (Guertin and Lis, 2010). As a possible explanation, the aggregation of 

mutant HTT with disease progression may interfere with the acetylation levels of 

histone H4, as histone acetyl transferases and/or other components may be retained 

in aggregates (Labbadia et al., 2011; Steffan et al., 2000; Butler and Bates, 2006). The 

study by Riva et al. (2012), analysing the interactions and damaging consequences of 

polyglutamine expansion on HSF1-dependent gene expression, further supports this 

proposal.  
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Chapter 5. Effect of SIRT1 overexpression on the impairment 
of the heat shock response in R6/2 model with 
disease progression 

5.1 Introduction 

Post-translational modifications in HSF1 have a profound effect on HSF1 activity 

during the heat shock response. Some of these modifications occur during the 

activation phase of the heat shock response, whereas other modifications have a 

repressive effect and are present in the attenuation of the response (Gomez-Pastor 

et al., 2018; Anckar and Sistonen, 2011; Akerfelt et al., 2010). One of these inhibitory 

post-translational modifications for HSF1 is the acetylation of Lys80 in the DNA 

binding domain, caused by the action of EP300 (Raychaudhuri et al., 2014), and this 

is essential in the attenuation phase of the heat shock response. 

The histone deacetylase SIRT1 has been reported to deacetylate this specific Lys80 

residue (Westerheide et al., 2009), which may prolong the interaction between HSF1 

and the promoters of the heat shock genes, and consequently, maintain the induced 

expression of the heat shock genes for a longer period. Previous studies involving 

overexpression of SIRT1 in neurodegenerative disease mouse models have reported 

an activation of chaperones and deacetylation of HSF1 (Watanabe et al., 2014). 

Transgenic mice overexpressing the Sirt1 gene under the control of the prion (PrP) 

promoter (Satoh et al., 2010) were used to investigate whether the in vivo 

overexpression of Sirt1 may restore or ameliorate the disease-associated impairment 

of the heat shock response in R6/2 mice, as previously detailed (Figures 4.3 and 4.20-

4.25 in Chapter 4). Our group had previously shown that SIRT1 activity is increased in 

the brains of these Sirt1 overexpressing transgenic mice (Tulino et al., 2016). 

To test the hypothesis that the heat shock impairment in HD mice could be 

ameliorated by increasing the expression of Sirt1, our group had previously 

performed a small-scale pilot experiment. Sirt1 transgenic (Sirt1 tg) female mice were 

crossed with R6/2 males to obtain four possible genotypes: wild-type, Sirt1 tg, R6/2 
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and double mutant Sirt1 tg::R6/2. These mice were dosed with NVP-HSP990 at 9 

weeks of age and brain hemispheres and muscle (quadriceps femoris) were collected 

at 2, 4, 8 and 20 hours after dosing. The number of mice per treatment group ranged 

from 2 to 6, and in most cases, there was n = 4.   

RNA was extracted from the brain hemispheres and quadriceps femoris tissues and 

the gene expression of Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) was 

analysed by RT-qPCR. 

In brain hemispheres, as shown in Figure 5.1, the impairment in the induction of the 

heat shock response in R6/2 was not apparent until 4 hours after treatment, being 

evident by 8 hours, especially for the genes Hspa1a/b and Dnajb1, although not 

reaching statistical significance in any case due to low numbers of samples. By 4 

hours, the level of expression of the three heat shock genes in Sirt1 tg::R6/2 mice was 

equivalent to the levels observed in wild-type mice. This improvement was 

maintained until 8 hours post-dosing, specifically for Hspa1a/b and Hspb1 genes. 

Interestingly, for Dnajb1, the levels of expression in Sirt1 tg::R6/2 mice were 

significantly lower than in R6/2. By 20 hours, the levels of gene expression of all the 

treatment groups had essentially returned to baseline (vehicle) levels.  

In quadriceps femoris, the levels of Hspa1a/b induction were much greater than in 

brain hemispheres, reaching a maximum level of expression by 8 hours after dosing. 

By 4 hours, the impairment in the induction of Hspa1a/b gene in R6/2 as compared 

to wild-type could already be observed, which was restored by Sirt1 overexpression 

as detected by 8 hours after treatment (Figure 5.2). A similar observation applied to 

Hspb1 gene, where the impairment in R6/2 and restoration of the induction of 

expression in Sirt1 tg::R6/2 mice was clear by 8 hours post-dosing (Figure 5.2). There 

was a great deal of variability between samples for the analysis of Dnajb1 expression. 

The impairment in Dnajb1 induction in R6/2 was apparent at 2 hours and 8 hours 

after dosing. The expression level of Dnajb1 in Sirt1 tg::R6/2 mice 8 hours after 

treatment was similar to the level reached in wild-type mice, indicating again a 

possible restoration of the impairment by the overexpression of Sirt1 (Figure 5.2).  As 
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in brain hemispheres (Figure 5.1), the induced expression of the heat shock genes in 

quadriceps femoris had diminished almost to baseline levels by 20 hours.  

The statistical significance by the post-hoc analysis is indicated in Figures 5.1 and 5.2 

only between the genotypes: wild-type versus R6/2 and R6/2 versus Sirt1 tg::R6/2 in 

the NVP-HSP990-treated groups, not between vehicle and NVP-HSP990 treatments, 

as most of the comparisons between treatments were significant. 

These pilot data were considered to be encouraging and to support the hypothesis 

that the impairment in the heat shock response in mouse models of HD could be 

ameliorated by increased SIRT1 activity. 
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Figure 5.1. Analysis of the expression of heat shock genes Hspa1a/b (HSP70), 
Hspb1 (HSP25) and Dnajb1 (HSP40) in brain hemispheres of Sirt1 tg x R6/2 mice 
at 9 weeks of age by RT-qPCR, after NVP-HSP990 treatment. 
The gene expression of Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) 
was measured by RT-qPCR in brain hemispheres of Sirt1 tg x R6/2 mice at 9 
weeks of age, 2, 4, 8 and 20 hours after being treated with NVP-HSP990 or 
vehicle.  N = 2 – 6 mice / genotype / time point / treatment. Atp5b, Canx and 
Gapdh were used as housekeeping genes for normalisation. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Statistical significance by the post-hoc analysis is indicated only between 
genotypes WT vs R6/2 and R6/2 vs Sirt1 tg::R6/2 in NVP-HSP990 groups. Mean 
± SEM. ** p ≤ 0.01. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 
tg::R6/2).  
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Figure 5.2. Analysis of the expression of heat shock genes Hspa1a/b (HSP70), 
Hspb1 (HSP25) and Dnajb1 (HSP40) in quadriceps femoris of Sirt1 tg x R6/2 mice 
at 9 weeks of age by RT-qPCR, after NVP-HSP990 treatment. 
The gene expression of Hspa1a/b (HSP70), Hspb1 (HSP25) and Dnajb1 (HSP40) 
was measured by RT-qPCR in quadriceps femoris of Sirt1 tg x R6/2 mice at 9 
weeks of age, 2, 4, 8 and 20 hours after being treated with NVP-HSP990 or 
vehicle.  N = 2 – 6 mice / genotype / time point / treatment. Atp5b, Actb and 
Sdha were used as housekeeping genes for normalisation. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Statistical significance by the post-hoc analysis is indicated only between 
genotypes WT vs R6/2 and R6/2 vs Sirt1 tg::R6/2 in NVP-HSP990 groups. Mean 
± SEM. ** p ≤ 0.01. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 
tg::R6/2). 
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5.2 Study design 

To extend the pilot study and further investigate the effect of increasing SIRT1 activity 

on the heat shock impairment in R6/2 mice, the study was repeated with a greater 

number of mice per treatment group. It was decided to use two cohorts of mice, at 9 

and 14 weeks of age, corresponding to early and late symptomatic disease, so that 

the effect of increasing SIRT1 activity over the course of the disease could be 

determined. The greatest potential effect of SIRT1 overexpression had been 

observed at 8 hours post dosing in the pilot study. Therefore, 4, 7 and 10 hours after 

treatment were selected, to span this 8-hour time point. The tissues collected were 

brain hemispheres, tibialis anterior and quadriceps femoris. 

5.2.1 Generation of a Sirt1 tg x R6/2 mouse colony and allocation to NVP-HSP990 
dosing trials 

To generate sufficient mice for the whole study, firstly, Sirt1 tg males were bred with 

C57BL/6J females (Charles River, UK) to obtain a large number of Sirt1 tg females. 

These were then crossed with R6/2 males to obtain the four genotypes of interest. 

Two rounds of breeding provided enough mice to allocate to the dosing trials at 9 

and 14 weeks of age, for tissue collection at the three time points, with a minimum n 

of 6 - 7 mice per treatment group. The schematic breeding strategy and study design 

can be found in Figure 5.3. 
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Figure 5.3. Breeding strategy and study design of the Sirt1 tg x R6/2 dosing trials 
with NVP-HSP990. 
Sirt1 tg males were bred with C57BL/6J females (Charles River, UK) to generate 
Sirt1 tg females that were then crossed with R6/2 males to obtain the 
genotypes: WT, Sirt1 tg, R6/2 and Sirt1 tg::R6/2. Two cohorts of mice were 
obtained and assigned as a minimum n = 6 - 7 mice / genotype / treatment / 
time point for a dosing trial at 9 weeks and another at 14 weeks of age. Each 
trial contained three groups: for tissue collection at 4, 7 and 10 hours after 
dosing. WT = wild-type; tg = transgenic. 

 

All mice at both 9 and 14 weeks of age were administered with a single acute dose of 

NVP-HSP990 (12 mg / kg) or vehicle (2 % methylcellulose in saline solution) by oral 

gavage and the tissues were harvested at the corresponding time points after dosing. 

After completing the dosing trials, the genotypes of the samples were confirmed and 

the total numbers of mice used per genotype per treatment group are indicated in 

the Table 5.1 below. 

 

 



 213 

Table 5.1. Numbers and genotypes of the Sirt1 tg x R6/2 mice allocated to the 
NVP-HSP990 dosing trials at 9 and 14 weeks of age. 

 

 

Age Time point Treatment 
group 

Number of mice per genotype 

WT Sirt1 tg R6/2 Sirt1 tg::R6/2 

9 weeks 

4 hours 
Vehicle 7 7 7 7 

NVP-HSP990 8 6 9 7 

7 hours 
Vehicle 9 5 6 7 

NVP-HSP990 10 8 8 9 

10 hours 
Vehicle 5 8 7 7 

NVP-HSP990 10 6 7 6 

14 weeks 

4 hours 
Vehicle 7 7 7 6 

NVP-HSP990 7 7 7 12 

7 hours 
Vehicle 8 9 7 9 

NVP-HSP990 9 9 9 10 

10 hours 
Vehicle 8 7 7 7 

NVP-HSP990 7 7 7 7 
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5.3 Optimisation of QuantiGene 18-plex assay for use with Sirt1 tg x 
R6/2 mouse tissues 

The expression of the heat shock genes in all the treatment groups was analysed by 

using the QuantiGene 18-plex assay. This was optimised (as described in previous 

chapters) for use with the Sirt1 tg x R6/2 cohort of mice to ensure stability of the 

housekeeping genes between genotypes and treatments as well as to select a sample 

dilution that provided a signal that was over the limit of detection and without 

saturation. The cohort at 9 weeks of age, 4 hours after NVP-HSP990 dosing was used 

for the optimisation as, according to the pilot experiment, a substantial heat shock 

induction was expected.   

5.3.1 Sirt1 tg x R6/2 brain hemispheres 

Independent pools of brain hemisphere samples, at equivalent tissue mass / volume 

(10 mg / 300 µL), from each of the different treatment groups, were prepared in a 3-

fold serial dilution. As indicated in Figures 5.3 and 5.4, the housekeeping genes 

maintained a stable expression across the different genotypes and were unaffected 

by treatment, with similar MFI values. However, as there were signs of signal 

instability in some cases at the 1:3 dilution (such as for Atp5b or Sdha), the dilution 

chosen was 1:9 dilution. This 1:9 dilution also proved to be appropriate for the genes 

of interest (Figure 5.5) as none of the genes had saturated signals and the MFI values 

were over the limit of detection for each gene.  
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Figure 5.4. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 brain hemispheres (housekeeping genes). 
Pools of brain hemisphere samples from Sirt1 tg x R6/2 mice from the 9-week 
cohort treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 3-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown (vehicle on the left side and NVP-
HSP990 on the right side). Linear regression was analysed for each 
housekeeping gene. The initial dilution (1:3 dilution) showed some signs of 
unstable signal in Atp5b and possible saturation in Eif4a2 but the rest of the 
genes maintained a stable expression across genotypes and treatments. WT = 
wild-type; tg = transgenic; MFI = median fluorescence intensity. 
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Figure 5.5. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 brain hemispheres (housekeeping genes). 
Pools of brain hemisphere samples from Sirt1 tg x R6/2 mice from the 9-week 
cohort treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / treatment), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 3-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown (vehicle on the left side and NVP-
HSP990 on the right side). Linear regression was analysed for each 
housekeeping gene. The initial dilution (1:3 dilution) showed some signs of 
unstable signal in Sdha (vehicle) but the rest of the genes maintained a stable 
expression across genotypes and treatments. WT = wild-type; tg = transgenic; 
MFI = median fluorescence intensity. 
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Figure 5.6. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 brain hemispheres (genes of interest). 
Pools of brain hemisphere samples from Sirt1 tg and wild-type mice from the 9-
week cohort treated with vehicle or NVP-HSP990 (n = 6 mice / genotype / 
treatment), at equivalent tissue mass / volume (10 mg / 300 µL), were prepared 
in a 3-fold dilution series and analysed in duplicate. MFI values that were 
detected for each dilution from each treatment group are shown. Linear 
regression was analysed for each gene of interest. None of the dilutions showed 
signs of saturation. Many of the heat shock genes had linear regression lines 
with significantly different slopes for each treatment group as a result of the 
NVP-HSP990 treatment. For the Sirt1 gene, the linear regression lines had 
significantly different slopes because of Sirt1 overexpression. *** p ≤ 0.001; ** 
p ≤ 0.01; * p ≤ 0.05. WT = wild-type; tg = transgenic; MFI = median fluorescence 
intensity. 

 



 218 

5.3.2 Sirt1 tg x R6/2 tibialis anterior 

For the optimisation of the 18-plex assay for use with Sirt1 tg x R6/2 tibialis anterior, 

tibialis anterior samples, at equivalent tissue mass / volume (10 mg / 300 µL), were 

pooled per treatment group and subjected to a 2-fold serial dilution.  

For the housekeeping genes, the initial 1:2 dilution showed some variability between 

groups for all genes but then, from 1:4 dilution, remained stable for Atp5b, Canx, 

Eif4a2 and Sdha. Rpl13a and Gapdh, as previously observed in Chapters 3 and 4, 

showed signs of variability and/or saturation across the genotypes and therefore 

were excluded as reference genes for the analysis in tibialis anterior (Figures 5.7, 5.8). 

All heat shock genes had linear regression lines corresponding to NVP-HSP990 and 

vehicle that were significantly different because of the higher expression induced by 

NVP-HSP990 treatment (Figure 5.9). Considering the low MFI values for the vehicle 

groups (corresponding to basal levels of expression), a 1:4 dilution was also 

appropriate as it yielded MFI values over the limit of detection. 
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Figure 5.7. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 tibialis anterior (housekeeping genes). 
Pools of tibialis anterior samples from Sirt1 tg x R6/2 mice from the 9-week 
cohort treated with vehicle or NVP-HSP990 (n = 4 mice / genotype / treatment), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown (vehicle on the left side and NVP-
HSP990 on the right side). Linear regression was analysed for each 
housekeeping gene. The 1:2 dilution showed some signs of an unstable signal in 
these three genes (in vehicle) but all of them maintained a stable expression 
and similar MFI values across genotypes and treatments for the 1:4 dilution. 
WT = wild-type; tg = transgenic; MFI = median fluorescence intensity. 
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Figure 5.8. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 tibialis anterior (housekeeping genes). 
Pools of tibialis anterior samples from Sirt1 tg x R6/2 mice from the 9-week 
cohort treated with vehicle or NVP-HSP990 (n = 4 mice / genotype / treatment), 
at equivalent tissue mass / volume (10 mg / 300 µL), were prepared in a 2-fold 
dilution series and analysed in duplicate. MFI values that were detected for each 
dilution from each treatment group are shown (vehicle on the left side and NVP-
HSP990 on the right side). Linear regression was analysed for each 
housekeeping gene. Gapdh showed saturation and different elevations for each 
linear regression line across all dilutions in both vehicle and NVP-HSP990. The 
initial dilution (1:2 dilution) showed signs of an unstable signal for Rpl13a 
(vehicle and NVP-HSP990), and Sdha (vehicle). Sdha then maintained a stable 
expression and similar MFI values across genotypes and treatments from 1:4 
dilution. The linear regression lines for WT and R6/2 in Rpl13a had significantly 
different slopes in vehicle. Because of these differences and in keeping with 
previous analyses, Gapdh and Rpl13a were not used as reference genes in the 
analysis of tibialis anterior. *** p ≤ 0.001. WT = wild-type; tg = transgenic; MFI 
= median fluorescence intensity. 
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Figure 5.9. Optimisation of sample input in the QuantiGene 18-plex assay for 
use with Sirt1 tg x R6/2 tibialis anterior (genes of interest). 
Pools of tibialis anterior samples from Sirt1 tg and wild-type mice from the 9-
week cohort treated with vehicle or NVP-HSP990 (n = 4 mice / genotype / 
treatment), at equivalent tissue mass / volume (10 mg / 300 µL), were prepared 
in a 2-fold dilution series and analysed in duplicate. MFI values that were 
detected for each dilution from each treatment group are shown. Linear 
regression was analysed for each gene of interest. None of the dilutions showed 
signs of saturation. All the heat shock genes had linear regression lines with 
significantly different slopes for each treatment group as a result of the NVP-
HSP990 treatment. For the Sirt1 gene, the linear regression lines had 
significantly different slopes because of Sirt1 overexpression. *** p ≤ 0.001; ** 
p ≤ 0.01. WT = wild-type; tg = transgenic; MFI = median fluorescence intensity. 
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5.4 Preliminary analysis: Variability in the QuantiGene data 

All the tissue samples were homogenised and processed for analysis with the 

QuantiGene 18-plex assay at the selected dilutions. After analysis, a considerable 

variability in the fold changes in expression for the NVP-HSP990 samples was 

observed generally, possibly indicating a differential induction after NVP-HSP990 

treatment. Two hypothetical explanations were considered for this variability: 

1. The diverse values in the NVP-HSP990 samples could be a result of a technical 

artifact associated with the QuantiGene technique. To address this potential 

issue, the gene expression of a set of samples was analysed by RT-qPCR for a 

comparison. 

2. The variable fold changes in expression could be a consequence of differences 

in exposure to NVP-HSP990 treatment between mice. To clarify this, a 

pharmacokinetic analysis was conducted for vehicle and NVP-HSP990 

quadricep samples to determine the drug concentration.    

5.4.1 Re-analysis of data by RT-qPCR 

One of the cohorts with the greatest variability was the set of Sirt1 tg x R6/2 brain 

samples collected at 14 weeks of age, 4 hours after dosing. In particular, the 

Hspa1a/b gene expression for the wild-type and Sirt1 tg::R6/2 groups that were 

dosed with NVP-HSP990 presented remarkable inter-mouse differences.  

RNA was extracted from each QuantiGene brain hemisphere homogenate. The 

protocol for RNA extraction (detailed in Chapter 2, section 2.2.6) was followed 

without the tissue homogenisation step. The purified RNA was then reverse 

transcribed and amplified by RT-qPCR. The RT-qPCR analysis of the expression of the 

Hspa1a/b, Hsph1, Hspd1 and Hspe1 genes (Figure 5.10) yielded very comparable 

results to QuantiGene. In some cases, the QuantiGene data were tighter (for 

instance, in Hspd1 gene). This comparison led to the conclusion that the variability in 

the data was not due to technical artifacts, but it was rather related to individual 

effects of NVP-HSP990 treatment in each mouse.  
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Figure 5.10. Analysis of the expression of Hspa1a/b (HSP70), Hsph1 (HSP110), 
Hspd1 (HSP60) and Hspe1 (HSP10) in Sirt1 tg x R6/2 brain hemispheres by 
QuantiGene and RT-qPCR after treatment with NVP-HSP990.  
The gene expression of Hspa1a/b, Hsph1, Hspd1 and Hspe1 was measured in 
the same Sirt1 tg x R6/2 brain hemispheres at 14 weeks of age, 4 hours after 
NVP-HSP990 dosing, by RT-qPCR (top) or QuantiGene (bottom). RNA for RT-
qPCR was extracted from the QuantiGene brain hemisphere homogenates to 
investigate the variability of the QuantiGene data. NVP-HSP990 samples were 
normalised to the corresponding wild-type samples treated with vehicle to 
calculate the fold change in expression. N = 6 - 12 mice / genotype / treatment. 
Mean ± SEM. Statistical significance not included. WT = Wild-type; tg = 
transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.4.2 Analysis of NVP-HSP990 concentration in Sirt1 tg x R6/2 samples  

A pharmacokinetic analysis was conducted at IRBM Science Park in Pomezia (Italy) to 

detect and quantify the presence of NVP-HSP990 in all the vehicle and NVP-HSP990 

Sirt1 tg x R6/2 samples. Quadriceps femoris from all the Sirt1 tg x R6/2 cohorts were 

shipped to this location to determine the drug concentration that was present in each 

sample. The quadriceps femoris samples were homogenised and NVP-HSP990 was 

extracted and quantified by liquid chromatography and mass spectrometry. 

As per their report, in wild-type samples, from 4 hours to 10 hours, the average 

concentration decreased from 660 ng / g to 392 ng / g in the 9-week cohort and from 

492 ng / g to 248 ng / g in the 14-week cohort.  In Sirt1 transgenic samples, from 4 

hours to 10 hours, the average concentration decreased from 511 ng / g to 392 ng / 

g in the 9-week cohort and from 684 ng / g to 399 ng / g in the 14-week cohort.  In 

R6/2 samples, from 4 hours to 10 hours, the average concentration decreased from 

507 ng / g to 342 ng / g in the 9-week cohort and from 803 ng / g to 292 ng / g in the 

14-week cohort.  Finally, in Sirt1 tg::R6/2 samples, from 4 hours to 10 hours, the 

average concentration decreased from 891 ng / g to 322 ng / g in the 9-week cohort 

and from 882 ng / g to 381 ng / g in the 14-week cohort (Figures 5.11 and 5.12). Three 

vehicle samples were identified that contained a considerable concentration of NVP-

HSPP90, probably due to errors during dosing.  

To put this information into context and find a correlation between the drug 

exposure and the individual fold changes in expression after induction, the NVP-

HSP990 concentration present in each sample was plotted against the corresponding 

fold change of Hspa1a/b expression in tibialis anterior.  

As shown in Figures 5.11 and 5.12, the fold change in Hspa1a/b expression and the 

drug concentration in each mouse do not follow a linear regression and there was no 

clear correlation. Also, as highlighted in the graphs, the expression of Hspa1a/b in 

some mice was close to baseline and very similar to that in mice treated with vehicle. 

As the induced expression of Hspa1a/b can reach very high levels as compared to 
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vehicle, this very low expression most likely indicates a lack of induction of the heat 

shock response after NVP-HSP990 treatment.  

In the Sirt1 tg x R6/2 9-week cohort (Figure 5.11), three samples (one Sirt1 tg at 4 

hours, one Sirt1 tg at 10 hours and one Sirt1 tg::R6/2 sample at 7 hours) showed no 

induction of Hspa1a/b expression, which was also applicable to the rest of the heat 

shock genes. There was a considerable amount of NVP-HSP990 present in these 

samples, specifically, 363 ng / g and 498 ng / g in Sirt1 tg samples and 226 ng / g in 

the Sirt1 tg::R6/2 sample.  

In the Sirt1 tg x R6/2 14-week cohort, the variability was greater (Figure 5.12). Among 

the wild-type treated samples, four of them showed no induction which, in these 

cases, correlated with a lower concentration of NVP-HSP990, ranging from below the 

limit of quantification (2 ng / g) to 178 ng / g. One Sirt1 tg sample at 10 hours had a 

very low Hspa1a/b expression, although the NVP-HSP990 concentration was 167 ng 

/ g. Finally, among the Sirt1 tg::R6/2 group, four samples (three at 4 hours and one 

at 10 hours) presented with vehicle-like levels of Hspa1a/b expression. In these cases, 

there was no correlation with the NVP-HSP990 concentrations which ranged from 

178 to 531 ng / g.  
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Figure 5.11. Analysis of the correlation between NVP-HSP990 concentration 
(ng/g) in quadriceps femoris and Hspa1a/b (HSP70) expression in tibialis 
anterior of Sirt1 tg x R6/2 at 9 weeks of age, after NVP-HSP990 treatment. 
The concentrations of NVP-HSP990 (ng/g) detected in the quadriceps femoris 
of Sirt1 tg x R6/2 mice at 9 weeks of age, 4, 7 and 10 hours after being dosed 
with NVP-HSP990 (on the x axis) were plotted with their fold changes in 
expression of Hspa1a/b in tibialis anterior (normalised to wild-type vehicle) as 
measured by QuantiGene (on the y axis). The dots highlighted in yellow indicate 
samples that were excluded from analysis as no induction of Hspa1a/b 
expression had occurred. WT = wild-type; tg = transgenic.  

 



 227 

 

Figure 5.12. Analysis of the correlation between NVP-HSP990 concentration 
(ng/g) in quadriceps femoris and Hspa1a/b (HSP70) expression in tibialis 
anterior of Sirt1 tg x R6/2 at 14 weeks of age, after NVP-HSP990 treatment. 
The concentrations of NVP-HSP990 (ng/g) detected in the quadriceps femoris of 
Sirt1 tg x R6/2 mice at 14 weeks of age, 4, 7 and 10 hours after being dosed 
with NVP-HSP990 (on the x axis) were plotted with their fold changes in 
expression of Hspa1a/b in tibialis anterior (normalised to wild-type vehicle) as 
measured by QuantiGene (on the y axis). The dots highlighted in yellow indicate 
samples that were excluded from analysis as no induction of Hspa1a/b 
expression had occurred. WT = wild-type; tg = transgenic. 
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5.4.3 Removal of outliers or non-induced samples 

The information obtained from the comparison of the NVP-HSP990 pharmacokinetic 

analysis with Hspa1a/b expression identified samples in which induction after NVP-

HSP990 treatment had not occurred. These were removed from the final analysis, 

together with the three “vehicle”-treated samples that had most likely received NVP-

HSP990 during dosing. All of the non-induced samples removed from analysis showed 

no induction in either tibialis anterior or brain hemisphere samples. Below is the 

complete list of samples that were excluded from analysis: 

In the Sirt1 tg x R6/2 9-week cohort: 

- Two Sirt1 tg::R6/2 vehicle samples: dosed with NVP-HSP990. 

- Two Sirt1 tg treated samples, one at 4 hours and one at 10 hours: not induced. 

- One Sirt1 tg::R6/2 treated sample at 10 hours: not induced. 

- Additionally, two wild-type treated samples at 10 hours were excluded as 

there were discrepancies between the genotyping and repeat sizing results 

and therefore the genotypes were not confirmed. 

In the Sirt1 tg x R6/2 14-week cohort: 

- One wild-type vehicle sample at 7 hours as it received NVP-HSP990 dosing. 

- Four wild-type treated samples (two at 4 hours, one at 7 hours and one at 10 

hours): not induced. 

- One Sirt1 tg treated sample at 10 hours: not induced. 

- One R6/2 treated sample at 10 hours: not induced. 

- Four Sirt1 tg::R6/2 treated samples (three at 4 hours and one at 10 hours): 

not induced. 

The final numbers of samples included in the analysis (mice per genotype, age, 

treatment and time point) can be found in Table 5.3. 
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Table 5.2. Final numbers of the Sirt1 tg x R6/2 mice per genotype, included in 
the analysis of the NVP-HSP990 dosing trials at 9 and 14 weeks of age, after 
exclusion of outliers. 

Age Time point Treatment 
group 

Number of mice per genotype 

WT Sirt1 tg R6/2 Sirt1 tg::R6/2 

9 weeks 

4 hours 
Vehicle 7 7 7 7 

NVP-HSP990 8 5 9 7 

7 hours 
Vehicle 9 5 6 7 

NVP-HSP990 10 8 8 8 

10 hours 
Vehicle 5 8 7 5 

NVP-HSP990 8 5 7 6 

14 weeks 

4 hours 
Vehicle 7 7 7 6 

NVP-HSP990 5 7 7 9 

7 hours 
Vehicle 7 9 7 9 

NVP-HSP990 8 9 9 10 

10 hours 
Vehicle 8 7 7 7 

NVP-HSP990 6 6 6 6 
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5.5 Effect of Sirt1 overexpression on the induction of expression of 
heat shock genes in brain hemispheres and tibialis anterior of R6/2 
mice with disease progression 

After removal of the outliers, the QuantiGene data from the Sirt1 tg x R6/2 dosing 

trials at 9 and 14 weeks of age was re-analysed. 

For simplicity, the statistical significance after post-hoc analysis added to the graphs 

in Figures 5.13 to 5.34 is only between the genotypes: wild-type versus R6/2 and R6/2 

versus Sirt1 tg::R6/2 in the NVP-HSP990-treated groups; not between vehicle and 

NVP-HSP990 treatments, as most of the comparisons between treatments were 

significant. 

5.5.1 Expression of Sirt1 and Hsf1  

The overexpression of Sirt1 in brain was consistent in the Sirt1 tg and Sirt1 tg::R6/2 

groups in brain hemispheres, with an average incremental expression of 8.6-fold ± 2, 

as compared to wild-type conditions (Figure 5.13). A slightly higher variability in the 

Sirt1 overexpression between samples in these two groups could be seen in the brain 

hemispheres at 14 weeks, especially in the 4-hour cohort.  

On the contrary, this consistent Sirt1 overexpression in brain was not achieved in the 

tibialis anterior of the same mice, where a greater variability could be seen in the 

Sirt1 tg and Sirt1 tg::R6/2 groups. This was especially the case in the 14-week cohort, 

with overexpression levels ranging from 0.1-fold to 15-fold (an average of 3.7-fold ± 

2.3) as compared to wild-type (Figure 5.14). This indicated that the more stable 

overexpression detected in brain was not present in muscle.  

Hsf1 expression remained constant in brain hemispheres and tibialis anterior across 

genotypes and treatments at both ages (Figures 5.15, 5.16). 
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Figure 5.13. Sirt1 expression in brain hemispheres of Sirt1 tg x R6/2 mice at 9 
and 14 weeks of age, after treatment with NVP-HSP990. 
Sirt1 expression was measured by QuantiGene in the brain hemispheres of Sirt1 
tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving a 
dose of NVP-HSP990 (right side) or vehicle (left side). The fold changes in 
expression for the NVP-HSP990 groups were normalised to the corresponding 
WT vehicle. N = 5 - 10 mice / genotype / treatment at 9 weeks and at 14 weeks. 
Mean ± SEM. Statistical significance between genotypes is not shown. WT = 
wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.14. Sirt1 expression in tibialis anterior of Sirt1 tg x R6/2 mice at 9 and 
14 weeks of age, after treatment with NVP-HSP990. 
Sirt1 expression was measured by QuantiGene in the tibialis anterior of Sirt1 tg 
x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving a dose 
of NVP-HSP990 (right side) or vehicle (left side). The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle.  
N = 5 - 10 mice / genotype / treatment at 9 weeks and 4 - 10 mice / genotype / 
treatment at 14 weeks. Mean ± SEM. Statistical analysis was by two-way 
ANOVA and Bonferroni correction for multiple comparisons. Statistical 
significance between genotypes is not shown. WT = wild-type; tg = transgenic; 
Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.15. Hsf1 expression in brain hemispheres of Sirt1 tg x R6/2 mice at 9 
and 14 weeks of age, after treatment with NVP-HSP990. 
Hsf1 expression was measured by QuantiGene in the brain hemispheres of Sirt1 
tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving a 
dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. N = 5 - 10 
mice / genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Mean ± SEM. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 
tg::R6/2). 
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Figure 5.16. Hsf1 expression in tibialis anterior of Sirt1 tg x R6/2 mice at 9 and 
14 weeks of age, after treatment with NVP-HSP990. 
Hsf1 expression was measured by QuantiGene in the tibialis anterior of Sirt1 tg 
x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving a dose 
of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-HSP990 
groups were normalised to the corresponding WT vehicle. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Mean ± 
SEM. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.5.2 Expression of Hspa1a/b (HSP70) 

In brain (Figure 5.17), the induced expression of Hspa1a/b (HSP70) was clearly 

impaired in R6/2 as compared to wild-type by 4 hours after NVP-HSP990 treatment 

both at 9 and 14 weeks of age. At 9 weeks, this impairment was still in place by 8 

hours after dosing. This was not the case at 14 weeks, when wild-type levels of 

expression were not as high as at 9 weeks of age. Although at 9 weeks the 

overexpression of Sirt1 was causing an apparently higher level of induction than in 

R6/2 both at 4 and 8 hours after treatment, this mild improvement did not reach 

statistical significance.   

As expected from previous data, the levels of induced expression of Hspa1a/b were 

dramatically higher in tibialis anterior than in brain tissues (Figure 5.18). At early and 

late symptomatic stages of the disease, R6/2 had a significant decrease in the 

capacity to elicit a heat shock response which was maintained up to 10 hours after 

dosing.  For all the treatment groups, the level of induction of Hspa1a/b expression 

was diminished at 14 weeks of age.  Although by 10 hours at 14 weeks of age, there 

was a mild increase in the expression level in Sirt1 tg::R6/2 mice compared to R6/2, 

this was not statistically significant (Figure 5.18).  

In both tissues, there was still a considerable level of variability in Hspa1a/b induction 

at both ages and all time points, which will have decreased the power to detect 

differences between treatment groups.   
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Figure 5.17. Hspa1a/b (HSP70) expression in brain hemispheres of Sirt1 tg x 
R6/2 mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hspa1a/b (HSP70) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Only the statistical significance values between WT vs R6/2 and R6/2 and Sirt1 
tg::R6/2 in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 
0.01. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.18. Hspa1a/b expression in tibialis anterior of Sirt1 tg x R6/2 mice at 9 
and 14 weeks of age, after treatment with NVP-HSP990. 
Hspa1a/b (HSP70) expression was measured by QuantiGene in the tibialis 
anterior of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after 
receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression for 
the NVP-HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and 5 - 9 mice / genotype / treatment at 14 
weeks. Statistical analysis was by two-way ANOVA and Bonferroni correction 
for multiple comparisons. Only the statistical significance values between WT vs 
R6/2 and R6/2 and Sirt1 tg::R6/2 in NVP-HSP990 groups are shown. Mean ± 
SEM. *** p ≤ 0.001. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 
tg::R6/2). 
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5.5.3 Expression of Hspb1 (HSP25) 

A clear impairment in the induced expression of Hspb1 (HSP25) was observed in R6/2 

tibialis anterior as compared to wild-type littermates, which was present from 4 to 

10 hours after dosing at 9 weeks of age and to a lesser extent at 14 weeks of age 

(Figure 5.20). This impairment was not as consistent in brain (Figure 5.19). The 

capacity to maintain a heat shock response was also reduced with age, especially in 

tibialis anterior. The overexpression of Sirt1 did not have an ameliorating effect on 

the impaired response in R6/2 mice, and only a mild increase in expression could be 

seen at 4 hours in brain hemispheres at 9 and 14 weeks of age, which did not reach 

statistical significance (Figure 5.19).  
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Figure 5.19. Hspb1 expression in brain hemispheres of Sirt1 tg x R6/2 mice at 9 
and 14 weeks of age, after treatment with NVP-HSP990. 
Hspb1 (HSP25) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. ** p ≤ 0.01. WT = wild-type; tg 
= transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.20. Hspb1 expression in tibialis anterior of Sirt1 tg x R6/2 mice at 9 and 
14 weeks of age, after treatment with NVP-HSP990. 
Hspb1 (HSP25) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks at 14 weeks. Statistical analysis was by two-
way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p 
≤ 0.05. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.5.4 Expression of Dnaja1 (HSP40) 

For brain hemispheres, the level of Dnaja1 (HSP40) induction was fairly similar across 

all time points and genotypes at both ages, although, at 4 hours, it was significantly 

reduced in R6/2 as compared to wild-type (Figure 5.21).  

A more pronounced impairment in R6/2 was detected at all time points in tibialis 

anterior but only at 9 weeks of age, as at 14 weeks of age, the differences between 

R6/2 and wild-type did not reach statistical significance (Figure 5.22).  

The overexpression of Sirt1 did not influence the induction of Dnaja1 expression in 

R6/2 in brain or tibialis anterior.   
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Figure 5.21. Dnaja1 (HSP40) expression in brain hemispheres of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Dnaja1 (HSP40) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM.  ** p ≤ 0.01; * p ≤ 0.05. WT = 
wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 



 243 

 

Figure 5.22. Dnaja1 (HSP40) expression in tibialis anterior of Sirt1 tg x R6/2 mice 
at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Dnaja1 (HSP40) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks at 14 weeks. Statistical analysis was by two-
way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001; * p ≤ 0.05. WT 
= wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.5.5 Expression of Dnajb1 (HSP40) 

In a similar pattern as to that observed for Dnaja1 (HSP40) in brain, the levels of 

Dnajb1 (HSP40) induction remained equivalent for all the genotypes at all time points 

at 9 and 14 weeks of age. The exception was at 14 weeks of age, by 10 hours post-

dosing, where the fold change in Dnajb1 expression of Sirt1 tg::R6/2 was significantly 

higher than in R6/2 (Figure 5.23); however, as both R6/2 and wild-type levels of 

expression were lower at that time point, this significantly higher expression of 

Dnajb1 in Sirt1 tg ::R6/2 mice was probably not biologically significant. 

The pattern of impairment in tibialis anterior was more evident for R6/2 at 9 weeks 

of age, when there were statistically significant decreases in Dnajb1 expression in 

R6/2 as compared to wild-type at 4 and 7 hours after dosing. Generally, by 14 weeks 

of age, the induction in tibialis anterior was less notable than at 9 weeks, without 

significant differences between genotypes (Figure 5.24). 
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Figure 5.23. Dnajb1 (HSP40) expression in brain hemispheres of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Dnajb1 (HSP40) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. ** p ≤ 0.01. WT = wild-type; tg 
= transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.24. Dnajb1 (HSP40) expression in tibialis anterior of Sirt1 tg x R6/2 mice 
at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Dnajb1 (HSP40) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and 4 - 10 mice / genotype / treatment at 14 
weeks. Statistical analysis was by two-way ANOVA and Bonferroni correction 
for multiple comparisons. Only the statistical significance values between WT 
vs R6/2 and R6/2 and Sirt1 tg::R6/2 in NVP-HSP990 groups are shown. Mean ± 
SEM.  *** p ≤ 0.001; * p ≤ 0.05. WT = wild-type; tg = transgenic; Dbl = double 
mutant (Sirt1 tg::R6/2). 
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5.5.6 Expression of Hspd1 (HSP60) 

A decrease in Hspd1 (HSP60) induction in R6/2 was evident at all time points and ages 

in the tibialis anterior (Figure 5.26), with some variability between samples in the 

wild-type group at 7 and 10 hours as compared to the rest of the treatment groups.  

In brain, the evidence of impairment in R6/2 as compared to wild-type was present 

at 4 hours for 9 and 14 weeks of age and maintained to 7 hours at 9 weeks of age 

only. By 10 hours after dosing, at both ages, the levels of expression in wild-type and 

R6/2 brains were comparable (Figure 5.25).  

No differences in the levels of expression or kinetics of induction could be detected 

when Sirt1 was overexpressed, either in brain or in tibialis anterior (Figures 5.25 and 

5.26).  
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Figure 5.25. Hspd1 (HSP60) expression in brain hemispheres of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hspd1 (HSP60) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 9 mice 
/ genotype / treatment at 9 weeks and 5 - 10 mice / genotype / treatment at 14 
weeks. Statistical analysis was by two-way ANOVA and Bonferroni correction 
for multiple comparisons. Only the statistical significance values between WT vs 
R6/2 and R6/2 and Sirt1 tg::R6/2 in NVP-HSP990 groups are shown. Mean ± 
SEM. *** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type; tg = transgenic; Dbl = double 
mutant (Sirt1 tg::R6/2).  
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Figure 5.26. Hspd1 (HSP60) expression in tibialis anterior of Sirt1 tg x R6/2 mice 
at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hspd1 (HSP60) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001; ** p ≤ 0.01; * p 
≤ 0.05. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.5.7 Expression of Hspe1 (HSP10) 

For Hspe1 (HSP10) induction, a consistent pattern of impairment was found at both 

ages and practically at all time points in R6/2 mice as compared to wild-type, with a 

greater decrease in expression in R6/2 in tibialis anterior (Figures 5.27 and 5.28). This 

pattern of impairment remained relatively unaltered for both tissues at both ages. 

However, the Sirt1 overexpression did not have any influence on the kinetics or levels 

of induction in R6/2 mice. 
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Figure 5.27. Hspe1 (HSP10) expression in brain hemispheres of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hspe1 (HSP10) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001; * p ≤ 0.05. WT 
= wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.28. Hspe1 (HSP10) expression in tibialis anterior of Sirt1 tg x R6/2 mice 
at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hspe1 (HSP10) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 4 - 10 mice / 
genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. *** p ≤ 0.001. WT = wild-type; 
tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.5.8 Expression of Hsph1 (HSP110) 

As observed in previous sections for Hspd1 and Hspe1, a clear and consistent 

decrease in the induction of Hsph1 (HSP110) expression was found in R6/2 at both 

ages for all time points in both brain and tibialis anterior (Figures 5.29 and 5.30).  

The patterns of expression remained generally equivalent in each tissue and 

unaffected by age. A high degree of variability was found particularly in the wild-type 

group at 4 hours post-dosing at 14 weeks of age in tibialis with one sample showing 

an unusually high level of expression as compared to the rest of the samples. Even 

though a slightly higher level of expression could be seen in Sirt1 tg::R6/2 by 10 hours 

at 14 weeks of age in both tissues, this was not statistically significant (Figures 5.29 

and 5.30).  
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Figure 5.29. Hsph1 (HSP110) expression in brain hemispheres of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsph1 (HSP110) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Only the statistical significance values between WT vs R6/2 and R6/2 and Sirt1 
tg::R6/2 in NVP-HSP990 groups are shown. Mean ± SEM.  *** p ≤ 0.001; ** p ≤ 
0.01; * p ≤ 0.05. WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 
tg::R6/2). 
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Figure 5.30. Hsph1 (HSP110) expression in tibialis anterior of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsph1 (HSP110) expression was measured by QuantiGene in the tibialis anterior 
of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after receiving 
a dose of NVP-HSP990 or vehicle. The fold changes in expression for the NVP-
HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 4 - 10 mice / 
genotype / treatment at 9 weeks and 5 - 10 mice / genotype / treatment at 14 
weeks. Statistical analysis was by two-way ANOVA and Bonferroni correction 
for multiple comparisons. Only the statistical significance values between WT 
vs R6/2 and R6/2 and Sirt1 tg::R6/2 in NVP-HSP990 groups are shown. Mean ± 
SEM.  *** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type; tg = transgenic; Dbl = double 
mutant (Sirt1 tg::R6/2).  
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5.5.9 Expression of Hsp90aa1 (HSP90) 

A significant decrease in the level of induction of the inducible Hsp90aa1 (HSP90) was 

found in R6/2 brains, but only at 4 hours after dosing, as compared to wild-type 

counterparts, at both 9 and 14 weeks of age (Figure 5.31). In tibialis anterior, this 

impairment in R6/2 was more substantial and maintained by 7 hours post-dosing at 

9 weeks of age (Figure 5.32).  

Sirt1 overexpression caused a significant increase in Hsp90aa1 expression in brain of 

R6/2 mice at 14 weeks of age, as detected by 10 hours after NVP-HSP990 treatment 

(Figure 5.31). However, although a slight increase was also visible in tibialis anterior 

at the same time point and age, this was not significantly different as compared to 

R6/2 (Figure 5.32). 
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Figure 5.31. Hsp90aa1 (HSP90) expression in brain hemispheres of Sirt1 tg x 
R6/2 mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsp90aa1 (HSP90) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Only the statistical significance values between WT vs R6/2 and R6/2 and Sirt1 
tg::R6/2 in NVP-HSP990 groups are shown. Mean ± SEM. ** p ≤ 0.01; * p ≤ 0.05. 
WT = wild-type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.32. Hsp90aa1 (HSP90) expression in tibialis anterior of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsp90aa1 (HSP90) expression was measured by QuantiGene in the tibialis 
anterior of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after 
receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression for 
the NVP-HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and 5 - 9 mice / genotype / treatment at 14 
weeks. Statistical analysis was by two-way ANOVA and Bonferroni correction 
for multiple comparisons. Only the statistical significance values between WT 
vs R6/2 and R6/2 and Sirt1 tg::R6/2 in NVP-HSP990 groups are shown. Mean ± 
SEM.  *** p ≤ 0.001; ** p ≤ 0.01. WT = wild-type; tg = transgenic; Dbl = double 
mutant (Sirt1 tg::R6/2). 
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5.5.10 Expression of Hsp90ab1 (HSP90) 

There was no compelling evidence for an impairment in the constitutively expressed 

Hsp90ab1 (HSP90) induction as compared to wild-type in either R6/2 brain at the 

ages studied (although it was significant at the 7 hours time point) or in tibialis at 9 

weeks of age (Figures 5.33 and 5.34). At 14 weeks of age, in tibialis anterior, more 

visible differences were observed between R6/2 and wild-type, although there was a 

high degree of variability within the groups, and this difference was only statistically 

significant at 10 hours after dosing (Figure 5.34). 

Similar to that described for Hsp90aa1, a mild but statistically significant difference 

in the levels of expression was detected in brain between Sirt1 tg::R6/2 and R6/2 

mice at 14 weeks of age, 10 hours after being dosed (Figure 5.33).  
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Figure 5.33. Hsp90ab1 (HSP90) expression in brain hemispheres of Sirt1 tg x 
R6/2 mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsp90ab1 (HSP90) expression was measured by QuantiGene in the brain 
hemispheres of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours 
after receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression 
for the NVP-HSP990 groups were normalised to the corresponding WT vehicle. 
For simplicity, the vehicle data for each time point were plotted together for 
each genotype, as no differences between time points were found. N = 5 - 10 
mice / genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis 
was by two-way ANOVA and Bonferroni correction for multiple comparisons. 
Only the statistical significance values between WT vs R6/2 and R6/2 and Sirt1 
tg::R6/2 in NVP-HSP990 groups are shown. Mean ± SEM. ** p ≤ 0.01. WT = wild-
type; tg = transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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Figure 5.34. Hsp90ab1 (HSP90) expression in tibialis anterior of Sirt1 tg x R6/2 
mice at 9 and 14 weeks of age, after treatment with NVP-HSP990. 
Hsp90ab1 (HSP90) expression was measured by QuantiGene in the tibialis 
anterior of Sirt1 tg x R6/2 mice at 9 and 14 weeks of age, 4, 7 and 10 hours after 
receiving a dose of NVP-HSP990 or vehicle. The fold changes in expression for 
the NVP-HSP990 groups were normalised to the corresponding WT vehicle. For 
simplicity, the vehicle data for each time point were plotted together for each 
genotype, as no differences between time points were found. N = 5 - 10 mice / 
genotype / treatment at 9 weeks and at 14 weeks. Statistical analysis was by 
two-way ANOVA and Bonferroni correction for multiple comparisons. Only the 
statistical significance values between WT vs R6/2 and R6/2 and Sirt1 tg::R6/2 
in NVP-HSP990 groups are shown. Mean ± SEM. * p ≤ 0.05. WT = wild-type; tg 
= transgenic; Dbl = double mutant (Sirt1 tg::R6/2). 
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5.6 Summary of results and discussion 

The modulation of HSF1 for the activation of the heat shock response is a potential 

therapeutic strategy for HD, as discussed in Chapters 3 and 4. As shown in Chapter 4, 

the heat shock response is impaired in brain regions and tibialis anterior muscle from 

R6/2 mice (Figures 4.3 and 4.20 to 4.25). This is consistent with the study by Labbadia 

et al. (2011), where the pulsed treatment with NVP-HSP990 provided mild but 

transient improvements in some HD phenotypes, as the capacity of R6/2 mice to elicit 

a heat shock response became impaired as the disease progressed.  

Over the course of the heat shock response, HSF1 undergoes many post-translational 

modifications (Gomez-Pastor et al., 2018; Anckar and Sistonen, 2011; Akerfelt et al., 

2010). During the activation phase, the hyperphosphorylation of specific residues in 

HSF1 domains is essential for initiating the transcriptional activation of heat shock 

genes. In contrast, during the attenuation phase, the acetylation of Lys80 in the DNA 

binding domain of HSF1 is a critical post-translational modification, which is 

facilitated by the acetyltransferase EP300 (Raychaudhuri et al., 2014). Lys80 

acetylation in HSF1 affects its interaction with heat shock gene promoters and leads 

to the eventual inactivation of HSF1. A report by Westerheide et al. (2009) provided 

evidence for an interaction between HSF1 and the histone deacetylase SIRT1, which 

led to the deacetylation of this Lys80 residue.  

SIRT1 has been studied as a potential disease modifier for HD due to its involvement 

in diverse aspects of cell biology such as aging, apoptosis, mitochondrial function and 

inflammation (Haigis and Sinclair, 2010). The in vivo neuroprotective effects of 

increased SIRT1 activity that have been described in the context of HD and 

polyglutamine toxicity include prolonged survival, reduced brain atrophy and 

amelioration of motor function (Parker et al., 2005; Jeong et al., 2012; Jiang et al., 

2012). In contrast, in some studies, the genetic or pharmacological inhibition of SIRT1 

showed a decrease in HD symptoms (Pallos et al., 2008; Smith et al., 2014). These 

contrasting results may be explained by a dual function: on one hand, a pro-survival 

effect in cells might be caused by an enhanced SIRT1 activity and, on the other hand, 
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the inhibition of SIRT1 may lead to the increased acetylation of mutant HTT which 

could promote its degradation (Jeong et al., 2009). In our group, SIRT1 activity was 

found to be decreased in the brains of HD models R6/2 and HdhQ150 (Tulino et al., 

2016). The phosphorylation levels of SIRT1 were dysregulated in the striatum and 

cerebellum of these HD models from 9 weeks of age by the presence of mutant HTT, 

subsequently affecting SIRT1 activity.  

The main research aim in this chapter was to investigate whether an increase in SIRT1 

activity resulting from Sirt1 overexpression (Tulino et al., 2016) could alleviate the 

heat shock response impairment that occurs in HD mouse models with disease 

progression.  

An intercross between R6/2 and Sirt1 overexpressing mice (Sirt1 tg) provided the four 

genotypes of interest: wild-type, Sirt1 tg, R6/2 and double mutant Sirt1 tg::R6/2. An 

initial small-scale pilot study in which the expression of Hspa1a/b, Hspb1 and Dnajb1 

was analysed in brain and quadriceps femoris in these four genotypes at 9 weeks of 

age in response to treatment with NVP-HSP990 or vehicle, suggested that increasing 

SIRT1 activity in R6/2 mice had a restorative effect on the expression of these genes, 

with levels of Hspa1a/b and Hspb1 comparable to that in wild-type mice at 8 hours 

post-dosing (Figures 5.1 and 5.2). However, the study was underpowered due to a 

low sample size and therefore needed to be expanded to determine whether these 

results could be confirmed.   

A large-scale study was designed with a greater number of mice per treatment group. 

Two cohorts of mice were selected, at 9 weeks and 14 weeks of age, to cover the 

early and late symptomatic stages of disease in the R6/2 model. These mice were 

administered with NVP-HSP990 or vehicle and then brain and tibialis anterior were 

dissected at three time points after dosing to study the kinetics and levels of 

expression of the heat shock genes in all the treatment groups by the QuantiGene 

18-plex assay (Figure 5.3). 
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The following tables (Tables 5.3, 5.4) summarise the results obtained and statistical 

significance from the gene expression analysis by QuantiGene in brain hemispheres 

and tibialis anterior of R6/2 (as compared to wild-type) and Sirt1 tg::R6/2 (as 

compared to R6/2) mice at 9 and 14 weeks of age, at different time points after being 

dosed with NVP-HSP990 or vehicle. 

Table 5.3. Summary of results from the gene expression analyses in brain 
hemisphere of R6/2 and Sirt1 tg::R6/2 mice at 9 and 14 weeks of age, at 
different time points after dosing with NVP-HSP990. 

 Brain hemisphere 

 R6/2 (as compared to WT) Sirt1 tg::R6/2 (as compared to R6/2) 

 9 weeks 14 weeks 9 weeks 14 weeks 

Gene 4 h 7 h 10 h 4 h 7 h 10 h 4 h 7 h 10 h 4 h 7 h 10 h 

Hspa1a/b ** ** n.s. *** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Hspb1 ** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Dnaja1 ** n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Dnajb1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ** 

Hspd1 *** ** n.s. *** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Hspe1 *** *** n.s. *** * * n.s. n.s. n.s. n.s. n.s. n.s. 

Hsph1 *** *** ** *** ** * n.s. n.s. n.s. n.s. n.s. n.s. 

Hsp90aa1 * n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. ** 

Hsp90ab1 n.s. ** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. ** 

n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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Table 5.4. Summary of results from the gene expression analyses in tibialis 
anterior of R6/2 and Sirt1 tg::R6/2 mice at 9 and 14 weeks of age, at different 
time points after dosing with NVP-HSP990. 

 Tibialis anterior 

 R6/2 (as compared to WT) Sirt1 tg::R6/2 (as compared to R6/2) 

 9 weeks 14 weeks 9 weeks 14 weeks 

Gene 4 h 7 h 10 h 4 h 7 h 10 h 4 h 7 h 10 h 4 h 7 h 10 h 

Hspa1a/b *** *** *** *** *** *** n.s. n.s. n.s. n.s. n.s. n.s. 

Hspb1 *** ** *** *** n.s. * n.s. n.s. n.s. n.s. n.s. n.s. 

Dnaja1 *** *** * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Dnajb1 *** * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Hspd1 *** *** ** *** *** * n.s. n.s. n.s. n.s. n.s. n.s. 

Hspe1 *** *** *** *** *** *** n.s. n.s. n.s. n.s. n.s. n.s. 

Hsph1 *** *** *** *** *** ** n.s. n.s. n.s. n.s. n.s. n.s. 

Hsp90aa1 *** *** n.s. ** n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Hsp90ab1 n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. 

n.s. = not significant; *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05 
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Some conclusions can be summarised from the findings: 

• R6/2 mice had a dysregulation in the induction of the heat shock response 

in brain and tibialis anterior at 9 and 14 weeks of age 

In keeping with the previous data described in Chapter 4 (Figures 4.3 and 4.20 to 

4.25) and as was reported by Labbadia et al. (2011), a consistent impairment in the 

induction of the heat shock response was evident in R6/2 mice by 9 weeks of age and 

maintained to 14 weeks of age, with all the heat shock genes included in the analysis 

showing dysregulation at one or more time points after dosing.  

• The induction of the heat shock genes in brain and tibialis anterior was 

highly variable between samples of the same groups.  

QuantiGene analysis showed highly variable fold changes of expression within NVP-

HSP990-treated groups. To investigate this further, RNA was extracted from 

QuantiGene homogenates, and the samples were re-analysed by RT-qPCR, which 

corroborated the variability observed by QuantiGene. This excluded the possibility of 

a technical issue in the QuantiGene methodology (Figure 5.10).  

Next, to understand the exposure to NVP-HSP990 drug, the quadriceps femoris 

samples from all the vehicle and treated Sirt1 tg x R6/2 mice were shipped to the 

IRBM institute (Pomezia, Italy) to measure the tissue concentrations of NVP-HSP990. 

This concentration (ng / g) was plotted against the fold changes in expression of 

Hspa1a/b measured in the tibialis anterior of Sirt1 tg x R6/2 mice by QuantiGene 

(Figures 5.11 and 5.12). Interestingly, in some samples, even though a considerable 

amount of drug was present, the heat shock response had not been induced, as the 

Hspa1a/b expression levels were comparable to those in vehicle groups in both brain 

and muscle. The samples where no clear induction had occurred were excluded from 

the final analysis (as highlighted in Figures 5.11 and 5.12).  
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• In contrast to the pilot data, Sirt1 overexpression did not restore the heat 

shock response impairment in R6/2, neither in brain nor in tibialis anterior. 

Even though on a few occasions the overexpression of Sirt1 did cause a very mild but 

significant increase in the expression of Dnajb1, Hps90aa1, Hsp90ab1 in brain at 14 

weeks of age by 10 hours after dosing (Figures 5.23, 5.31, 5.33), the potential results 

of the pilot experiment failed to transfer into the large-scale study. A very mild 

amelioration in the expression of Hspa1a/b could be observed in Sirt1 tg::R6/2 brains 

as compared to R6/2 by 4 hours after dosing at 9 weeks of age, but this did not reach 

statistical significance (Figure 5.17).  

There are several possible explanations as to why the Sirt1 overexpression did not 

restore the heat shock response:  

• The data in the pilot experiment may not be fully comparable to the data 

obtained in the large-scale study. The mice used in the pilot experiment were 

bred and housed in a different environment in another mouse facility which 

may have affected in the response to NVP-HSP990 treatment.  

• As pointed out in previous Chapter 3 (Figure 3.5) and observed in the Figures 

5.13 to 5.33 in this chapter, the heat shock genes showed different kinetics of 

induction, meaning that the maximal level of induction may have not been 

reached between 4 to 10 hours after treatment for some genes. It is possible 

that the Sirt1 overexpression modified the kinetics of induction and could 

have a more significant effect on the impairment at a later time point post-

dosing. This may be supported by the fact that, on the few occasions when a 

significant improvement on the expression was achieved by Sirt1 

overexpression, this occurred by 10 hours-post dosing. 

• The study by Jiang et al. (2012) described an interaction between mutant HTT 

and SIRT1, which significantly affected SIRT1 deacetylase function and SIRT1 

targets were hyperacetylated. It may be that the abundance of mutant HTT 

at symptomatic stages of the disease (at 9 and 14 weeks of age in R6/2 in the 

present study) could hinder SIRT1 deacetylase activity, and therefore Sirt1 
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overexpression may not be sufficient to restore SIRT1 activity and, by 

extension, the heat shock response in HD. Other factors controlling SIRT1 

activity, such as AROS and DBC1, could be modulating the heat shock 

response as well (Raynes et al., 2013), although their influence in the HD 

context is unknown. Also, in R6/2, as reported by Tulino et al. (2016), SIRT1 

phosphorylation levels and therefore its activity, are altered by the presence 

of mutant HTT, and this could be a contributor of the diminished heat shock 

response in HD and may have influenced the results of the present study. 

An investigation of the levels of acetylation of HSF1 in R6/2 mice (and other HD 

models) as well as an analysis of the interaction between SIRT1 and HTT may shed 

some light into the mechanism/s behind the impairment of the heat shock response 

in HD, which could have applications in other protein conformational disorders. 
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Chapter 6. Discussion 

6.1 Summary of the thesis and main results 

The heat shock response and its dysregulation has been a subject extensively 

investigated in HD and other protein conformational disorders. Diverse approaches 

to modulate the heat shock response, either by genetic manipulation of chaperones 

or pharmacologically via HSF1 activation, have been explored as potential strategies 

to enhance the protein folding capacity and prevent aggregation in these diseases.  

In HD, the study by Labbadia et al. (2011) demonstrated the impairment of the heat 

shock response in two HD mouse models, R6/2 and HdhQ150, after the in vivo 

administration of HSP90 inhibitor NVP-HSP990. The pulsed pharmacological 

induction of the heat shock response in these mice, via NVP-HSP990 treatment, 

resulted in a transient amelioration of some HD phenotypes and a decrease in mutant 

HTT aggregation, but the ability to elicit the heat shock response became impaired 

with disease progression. The capacity of HSF1 to dissociate from HSP90 repression, 

translocate to the nucleus and hyperphosphorylate were confirmed not to be 

compromised. An altered chromatin structure and accessibility to promoters due to 

reduced levels of acetylated histone H4 caused by mutant HTT presence were 

proposed as possible mechanisms underlying this impairment. Another recent study 

proposed an abnormal degradation of HSF1 as a potential cause for the dysregulation 

of the heat shock response, providing evidence of reduced levels of HSF1 in HD 

cellular models, post-mortem tissues from HD patients and zQ175 mice (Gomez-

Pastor et al., 2017). However, an HD-related dysregulation of heat shock response 

was not demonstrated in zQ175 in that study.  

In this thesis, two main research aims were pursued. First, a descriptive analysis of 

the heat shock response impairment in brain and muscle of zQ175, at 3, 12 and 20 

months of age, covering the disease course in this model, after in vivo administration 

of the compound NVP-HSP990. A QuantiGene approach was taken to measure the 

transcriptional expression of a set of heat shock genes. This methodology for this was 
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optimised and validated through the design of several multiplex assays and by 

comparison with established RT-qPCR assays (Figure 3.4). The final and optimised 

QuantiGene 18-plex assay simultaneously detected the expression of regulators of 

the heat shock response, Hsf1 and Sirt1, as well as of nine heat shock genes encoding 

chaperones belonging to different subfamilies, straight from mouse tissue lysates. An 

initial analysis in brain hemispheres of zQ175 mice at a symptomatic stage (12 

months of age) corroborated the deficit in the heat shock response, consistent with 

that previously observed in R6/2 and HdhQ150 (Labbadia et al., 2011; Figures 4.3 and 

4.4). To further characterise the pattern of heat shock response impairment, the 

QuantiGene analyses were extended to tibialis anterior and cortical and striatal 

regions of zQ175 mice, collected at 3, 12 and 20 months of age, 4 hours after NVP-

HSP990 treatment. The same dosing strategy and tissue collection was carried out 

with late symptomatic stage R6/2 mice, at 12 weeks of age, for a comparative 

analysis. A clear and comparable deficiency in the induction of the heat shock 

response was identified in the striatum and tibialis anterior of both models, with 

most of the heat shock genes dysregulated in zQ175 by 3 and 12 months of age, 

respectively per tissue (Figures 4.20-4.23). The impairment was not as evident in 

cortex, especially for zQ175, where only a few genes were affected (Figures 4.24, 

4.25). 

To understand whether a decrease in HSF1 availability could be responsible for this 

deficiency, HSF1 levels were measured in all tissues collected from zQ175 mice at late 

symptomatic stages (12 months of age in brain hemispheres and 20 months of age in 

tibialis anterior, striatum and cortex). No reduction of HSF1 was found, either in basal 

or activated levels, in any of these zQ175 tissues, as compared to wild-type 

counterparts, in contrast to what was reported (Gomez-Pastor et al., 2017) and in 

line with previous data in R6/2 and HdhQ150 (Labbadia et al., 2011; Figure 4.28).  

The second aim of this thesis focused on HSF1 regulation. Post-translational 

modifications of HSF1 significantly regulate the activation and attenuation of the heat 

shock response. One of the most significant modifications is the acetylation of the 
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residue Lys80 by EP300, which disrupts HSF1 binding to the promoters of heat shock 

genes (Raychaudhuri et al., 2014). This residue can be deacetylated by SIRT1 

(Westerheide et al., 2009), which can subsequently prolong HSF1 binding to DNA and 

the transcriptional activation of heat shock genes. SIRT1 activity was previously found 

to be reduced in brains of R6/2 and HdhQ150 mice (Tulino et al., 2016). To investigate 

whether the decrease in SIRT1 activity was causal to the heat shock response 

impairment observed in HD mice, an intercross between Sirt1 overexpressing mice 

and R6/2 mice was carried out, to obtain the four genotypes of interest (Figure 5.3). 

These mice were dosed with NVP-HSP990 at 9 (early symptomatic) and 14 (late 

symptomatic) weeks of age, and brain hemispheres and muscle tissues were 

harvested at 4, 7 and 10 hours post-dosing (Tables 5.2, 5.3). The analysis by 

QuantiGene 18-plex assay indicated that Sirt1 overexpression was not able to restore 

or significantly ameliorate the deficient heat shock response in brain or tibialis 

anterior of R6/2 mice at any age or time point (Figures 5.3 – 5.34), thus suggesting 

that other mechanism/s must be playing a role in this impairment. 

6.2 Relevance of findings and considerations 

• Continuous induction of the heat shock response as a therapeutic strategy: 

the paradox of HSF1 activation in neurodegeneration and carcinogenesis 

Given that some beneficial effects have been detected in HD and polyglutamine 

models after pharmacological induction of the heat shock response (Sittler et al., 

2001; Fujimoto et al., 2005; Fujikake et al., 2008), a sustained treatment with one of 

these inducers may be considered as a potential therapeutic strategy. However, this 

needs to be carefully addressed. This pharmacological induction mostly relies on the 

activation of HSF1, as shown in this thesis. Even though HSF1 has been mostly studied 

in its canonical role as master regulator of the heat shock response, other non-heat 

shock functions related to development, reproduction, metabolism or tumorigenesis 

have been described (Li et al., 2017; Xiao et al., 1999; Li et al., 2016; Scherz-Shouval 

et al., 2014).  
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The metabolic and energetic condition of the cell may promote or repress the 

activation of HSF1 as the heat shock response is regulated by cellular conditions and 

needs (Labbadia and Morimoto, 2015; Prahlad et al., 2008). For instance, under 

conditions of low energy or availability of amino acids, HSF1 becomes inactivated by 

factors like AMPK or mTORC1 through phosphorylation at residues Ser121 or Ser326, 

respectively (Chou et al., 2012; Dai et al., 2015).   

The cellular proliferation demands of the organism, such as in the context of 

development or cancer, affect the activation and regulation of the heat shock 

response. Several regulators of HSF1 such as the E3 ubiquitin ligase FBXW7 (Kourtis 

et al., 2015) or kinases like MEK (of the MAPK signaling pathway) (Tang et al., 2015) 

are also implicated in the regulation of other factors involved in the cell cycle and 

cellular growth (Wang et al., 2012; Hilger et al., 2002; Guo et al., 2020). 

During development, HSF1 is involved in the regulation of the meiotic cell cycle, but 

in a manner that is independent of the heat shock response, as demonstrated in 

nematodes and mammals (Le Masson et al., 2011; Li et al., 2016). The study by Li et 

al. (2016) showed that the transcription of common chaperones, involved in either 

the protein synthesis required for cell growth during development or prevention of 

protein misfolding during heat shock response, is induced by HSF1 but through 

binding to different heat shock elements in the promoters of the heat shock genes.  

One of the main concerns for the continuous activation of HSF1 is the alleged 

oncogenic consequences, due to the potential of HSF1 as a facilitator of malignant 

transformation by enhancing protein synthesis and cell survival (Dai et al., 2007; 

Scherz-Shouval et al., 2014; Alasady and Mendillo, 2020). In this context, it has been 

reported that, in a range of cancers, the levels of heat shock proteins are elevated 

and HSF1 is constitutively activated, to support the uncontrolled proliferation and 

maintenance of cancerous cells (Santagata et al., 2011; Wu et al., 2017; Calderwood 

and Gong, 2016; Dai and Sampson, 2016). The pro-survival role of chaperones is 

beneficial under developmental conditions but can have negative consequences in 

carcinogenesis, when the cell death capacity of cancer cells is diminished and, 
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consequently, cells could have limitless proliferation (Wei et al., 1995). Accordingly, 

the inhibition of HSF1 and/or chaperones is considered a therapeutic strategy in 

cancer treatment to reduce the survival of cancer cells and their potential metastasis 

(Dai et al., 2007; Scherz-Shouval et al., 2014; Gong et al., 2015). A study by Mendillo 

et al. (2012) revealed that the profile of genomic transcriptional activation led by 

HSF1 and its occupancy of promoters in human cancer cells was found to be 

comparable to that detected during developmental stages in C. elegans (Li et al., 

2016). And, similar to that occurring during development, this program was 

significantly distinct from the heat shock response induced under stress conditions, 

with many heat shock proteins being uniquely regulated (Mendillo et al., 2012). The 

regulatory mechanisms and cellular triggers underlying the preferential binding of 

HSF1 to specific promoters that drive each transcriptional activation program are not 

fully elucidated. Certain regulatory factors, as well as a cell, tissue and condition type-

specific regulation might be behind this (Guisbert et al., 2013; Prahlad et al., 2008; 

Sala et al., 2017; Morimoto, 2020). 

In brief, these studies suggest that HSF1 drives two separate transcriptional 

activation programs: one during stress and initiation of the heat shock response and 

another during cell growth and proliferation. It is unclear whether the elevated 

expressions of HSF1 and heat shock proteins in cancerous cells are a consequence of 

the increasing cell proliferation demands or if, by contrast, these aberrantly high 

levels of expression are causal to cancer pathogenesis. Nevertheless, as it is still 

largely unexplored in neurodegeneration and protein conformational disorders such 

as HD, an outstanding question is whether a continuously activated HSF1, to combat 

protein aggregation, may eventually re-engage in these other non-canonical, stress-

independent transcriptional programs, and lead to oncogenic transformation 

(Arneaud and Douglas, 2016). Therefore, a cautiously designed genetic manipulation 

or treatment plan (if using a pharmacological approach), including a benefit/risk 

analysis would be of upmost importance. 
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• A long-term treatment with HSP90 inhibitors may lead to unknown 

consequences in neurodegeneration 

In line with the previous section, the extended pharmacological induction of the heat 

shock response, particularly via HSP90 inhibition, as occurs with NVP-HSPP90, raises 

additional concerns as a treatment option in neurodegeneration.   

As stated before, many heat shock proteins are upregulated in cancerous cells and 

are important in supporting oncogenesis and tumor formation. HSP90 is relevant in 

aspects of cancer development and maintenance, as some of its client proteins are 

critical factors in cell signaling pathways implicated in the malignant cellular growth 

and tissue invasion, as they become mutated or highly expressed. For instance, some 

of these HSP90 clients participate in the Raf/MEK/ERK signaling cascade (Taipale et 

al., 2012), which is key in allowing undiscriminated cell proliferation. Hence, HSP90 

inhibition is an important therapeutic strategy to block oncogenic signaling pathways, 

as it facilitates the loss of function of HSP90 client proteins and their clearance by 

ubiquitin proteasome and autophagy systems (Trepel et al., 2010). Many inhibitors 

have been described, are in use as anticancer treatments and are generally well 

tolerated (Neckers et al., 2018; Serwetnyk and Blagg, 2021). However, the use of 

HSP90 inhibitors may lead to off target effects, such as the non-selective inhibition 

of other HSP90 isoforms or members of the ATPase family where HSP90 belongs and 

that share structural similarities (Neckers et al., 2018; Serwetnyk and Blagg, 2021).   

HSP90 plays stabilising and functional roles in complex and diverse pathways, with 

several hundred client proteins, such as transcription factors, protein kinases, 

hormone receptors and other factors (Taipale et al., 2012). The downstream effects 

of HSP90 inhibition are beneficial for cancer therapeutics, as HSP90 client proteins 

would no longer support the undiscriminated cell proliferation and survival. 

However, a chronic HSP90 inhibition to treat neurodegeneration may have 

unforeseen consequences (Peterson and Blagg, 2009), which may include disruption 

of essential cellular signaling transduction or even potential compensatory 

mechanisms by other members of the proteostasis network, resulting in cytotoxicity.  
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• Alternative approaches to induce the heat shock response 

The induction of the heat shock response via HSF1 activation is dependent on HSF1 

trimerisation and, also, post-translational modifications on HSF1 domains that tightly 

regulate the response. For instance, the acetyltransferase EP300 acetylates HSF1 on 

several residues. Under absence of stress, the acetylation of Lys208 and Lys298 

residues of HSF1 by EP300 stabilises HSF1 and its presence in a monomeric state. 

However, under stress conditions and during the heat shock response, the additional 

acetylation of residues Lys80 and Lys118 by EP300 not only attenuates the heat shock 

response but also enhances HSF1 degradation via the UPS system (Raychaudhuri et 

al., 2014). SIRT1 deacetylation of Lys80 reverses the reduced DNA binding and 

prolongs the heat shock response (Westerheide et al., 2009). Perhaps, the 

modulation/inhibition of EP300 in combination with SIRT1 activation or 

overexpression may be an interesting approach to investigate in HD. 

Other alternative options to investigate, as suggested by Neef et al. (2011), could 

focus on compounds that target HSF1 directly rather than through the targeted 

inhibition of HSP90 that may lead to unwanted consequences. This could be by 

manipulating the post-translational modifications on HSF1 (either enhancing the 

activating post-translational modifications or inhibiting the repressive ones [Rimoldi 

et al., 2001]), or by binding to HSF1 and disrupting its interaction with HSP90 without 

inhibiting HSP90 (e.g., targeting co-chaperones of HSP90). To that end, further 

investigation of the specific interaction sites between HSF1 and HSP90 (Kijima et al., 

2018) as well as the enzymes and pathways responsible for the post-translational 

modifications on HSF1 would be needed. Additionally, as the interaction between 

HSF1 and HSP90 is believed to be weak (Zou et al., 1998), another option would be 

the use of compounds that may disrupt the inhibitory complex between HSP70 and 

HSF1 (Shi et al., 1998).  

The transcriptional activation of heat shock genes is a complex and multifactor 

process. It is mainly mediated by HSF1, although some studies have also indicated 
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the participation of other transcription factors (Mendillo et al., 2012; Sasi et al., 

2014).  

• SIRT1 overexpression was not sufficient to restore the heat shock response 

impairment in R6/2 mice: other potential regulatory mechanisms that may 

be involved 

SIRT1 ability to deacetylate HSF1 in specific residues affects its binding to heat shock 

gene promoters (Westerheide et al., 2009) and makes it an interest target to 

investigate in the amelioration of the heat shock response impairment in protein 

conformational diseases. The important role of SIRT1 in HSF1 stabilisation and 

function was highlighted, for instance, in a study by Kim et al. (2016), where the 

application of SIRT1 inhibitors in cell culture caused an increased acetylation and 

degradation of HSF1 by ubiquitination.  

The collapse of proteostasis with aging (Hipp et al., 2019; Ben-Zvi et al., 2009), 

correlated with a diminished SIRT1 activity (Tulino et al., 2016), may help to explain 

the deficit in the heat shock response that is observed in HD mouse models (Dues et 

al., 2016). The expression of mutant HTT may exacerbate cellular aging (Horvath et 

al., 2016; Gasset-Rosa et al., 2017) or conversely, the age-related decline of 

proteostasis mechanisms may lead to an increased cell vulnerability and the 

aggregation of mutant HTT (Diguet et al., 2009).  Previous studies from our group did 

not observe an impairment in the induction of the heat shock response in older wild-

type mice but did detect an age-related reduction of chaperones, HSF1 and SIRT1, 

although only in cardiac tissues (Carnemolla et al., 2014). 

The reduced SIRT1 activity observed in HD mice was attributed to dysregulated 

phosphorylation levels by the metabolic sensor AMPK-α1, a known regulator of SIRT1 

(Lau et al., 2014), which had an abnormal expression and subcellular distribution. 

AMPK has also been linked to the repression of HSF1, mediating its phosphorylation 

on residue Ser121 to inhibit its nuclear translocation (Dai et al., 2015; Su et al., 2019). 

Measuring the acetylation levels of HSF1 in the four genotypes of Sirt1 tg x R6/2 mice 
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could indicate whether SIRT1 activity had been restored in HD mice and whether it 

was effective in deacetylating HSF1. 

In addition to this, Gomez-Pastor et al. (2017) proposed that the increases in CK2α’ 

(a catalytic subunit of CK2 kinase) and FBXW7 caused by the presence of mutant HTT 

were behind an abnormal degradation of HSF1. However, the evidence gathered in 

this thesis, regarding HSF1 expression at late stages of the disease in HD mouse 

models, does not support that proposal (Figures 4.31, 4.32). It is feasible, though, 

that the indicated regulatory mechanism of HSF1 is dysregulated in HD, not 

necessarily causing an increased HSF1 degradation, but rather affecting its post-

translational modifications and activity. Interestingly, CK2 also regulates SIRT1 and 

affects its deacetylating activity (Choi et al., 2017). 

It may then be speculated that the presence of mutant HTT severely induces the 

dysregulation of some important factors of metabolic stress and cell viability such as 

AMPK, CK2 or FBXW7, which may lead to a deficit or suppression of HSF1 activity, 

subsequently affecting the activation/maintenance of the heat shock response, in an 

interplay mechanism including SIRT1. The investigation and modulation of factors 

that regulate both HSF1 and SIRT1 could be a strategy to explore.  

Thus, it could be concluded that the investigation of other molecular components 

that regulate HSF1 function at different levels along its activation and 

inactivation/degradation, as well as other HSF1 targets (aside from the heat shock 

proteins) may be an interesting avenue to examine in the field of neurodegeneration. 

6.3 Study limitations and potential approaches 

• Interpreting the heat shock response impairment and induction 

characteristics 

Some limitations may have played a role when interpreting the characteristics of the 

heat shock response induction and, therefore, its impairment in mouse tissues.  For 

instance, a potential difference in the kinetics of induction for each heat shock gene 
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(Diller, 2006). It is conceivable that the maximal induction of each heat shock gene is 

achieved in a time-dependent manner after initiation of the heat shock response. As 

the analysis was conducted on tissues collected at 4 hours (in zQ175) and up to 10 

hours (in Sirt1 tg x R6/2) after NVP-HSP990 administration, it is possible that the 

highest transcriptional activation had not been reached for some of the genes and, 

therefore, some differences between genotypes might not have been detected. 

Choosing appropriate time points after dosing for tissue collection, when the induced 

expression of all the heat shock genes of interest is at the highest levels, is 

challenging.  In this thesis, the levels of induced expression of three major heat shock 

genes (Hspa1a/b, Hspb1 and Dnajb1) were measured in brains of wild-type mice after 

treatment with NVP-HSP990.  The maximal induction of Hspa1a/b was reached at 4 

hours post-dosing, after which it progressively declined to basal levels; for Hspb1 and 

Dnajb1, this maximal induction was still seen at 8 hours after dosing. By 12 hours 

post-dosing, the expression levels of all three genes had returned to baseline levels 

(Figure 3.5). A similar kinetic study was conducted by Neueder et al. (2017), who 

showed that the heat stress-induced heat shock response in wild-type mice led to the 

upregulation of these same heat shock genes in quadriceps femoris muscle, with a 

maximal induction at 4 hours after the heat treatment and clear return to baseline 

levels by 8 hours (Neueder et al., 2017).  

Neueder and colleagues, by transcriptomic and gene ontology enrichment analyses, 

also found that there were some discrepancies in the set of upregulated genes after 

induction of the heat shock response when using different inducers. When using a 

heat stress treatment, the upregulated genes were associated with energy 

metabolism and response to oxidative stress; when using NVP-HSP990 to inhibit 

HSP90, the upregulated genes were related to biological processes of focal adhesion, 

extracellular matrix organization or angiogenesis (Neueder et al., 2017). Therefore, 

these discrepancies in transcriptional activation may need to be taken into account 

when drawing conclusions.  
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Finally, the contribution of a differential pattern of expression of the heat shock 

proteins in each tissue, related to a cell type and tissue-specific regulations should 

also be taken into consideration (Guisbert et al., 2013; Morimoto, 2020).  

• NVP-HSP990 treatment and in vivo limitations 

Highly variable data was observed in the NVP-HSP990- induced expression of the heat 

shock genes in animals from the same treatment group. This was particularly evident 

in the Sirt1 tg x R6/2 cohorts of mice. Because of this, a comparison was made 

between the results obtained by QuantiGene and RT-qPCR, which were found to be 

highly comparable (Figure 5.10). Additionally, a pharmacokinetic analysis was 

performed externally, at the IRBM institute, which corroborated the individual 

exposure to the NVP-HSP990 drug in many subjects (Figures 5.11 and 5.12) and 

allowed the exclusion of samples where a clear induction had not happened. These 

variabilities could be due to a differential biodistribution of the compound in each 

animal (related to age, weight or other intrinsic metabolic characteristics). 

Alternatively, it may be associated with a minimal threshold of drug concentration 

that is required for an effective HSP90 inhibition to take place, determined by other 

unknown factors.   

Some limitations may have also been related to the use of R6/2 as a model for the 

Sirt1 overexpression screening. The HD phenotype is pronounced and progresses 

very quickly in R6/2 mice, and possibly the effects of mutant HTT on the protein 

homeostasis mechanisms may be too deleterious in this model and not possible to 

be overcome or ameliorated only by SIRT1 overexpression. Perhaps the SIRT1 

overexpression in other HD model with a slower rate of disease progression such as 

zQ175 may have provided a different outcome; however, it would have required 

breeding and maintenance of that mouse colony for a longer period to cover different 

stages of the disease.  
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6.4 Conclusions and future perspectives 

Some concluding remarks may be made from the work presented in this thesis, with 

potential future applications: 

• Impairment of the heat shock response in HD and other diseases 

The disruption of the proteostasis machineries, including the heat shock response, is 

a feature of HD that is shared with other neurodegenerative disorders such as 

Alzheimer’s disease (AD) (Bruni et al., 2020), Parkinson’s disease (PD) (Aridon et al., 

2011) or amyotrophic lateral sclerosis (ALS) (Chen et al., 2016; Kalmar and 

Greensmith, 2017). Experimental approaches focused on enhancing the clearance of 

their toxic aggregated proteins are an ongoing strategy to slow down the disease 

progression (Boland et al., 2018), with beneficial results in several disease models 

(Chen et al., 2013; Auluck et al., 2005, Putcha et al., 2010; Novoselov et al., 2013; 

Kalmar et al., 2008).  

• Usefulness of the QuantiGene plex assays to measure the induction of the 

heat shock response 

The development and optimisation of a QuantiGene multiplex assay to detect the 

expression of a large set of heat shock genes has proven to be useful in the 

characterisation of the heat shock response in HD mouse models, to measure both 

the basal and induced expression of these genes after pharmacological induction of 

the response. This QuantiGene assay may be a valuable tool to evaluate the 

effectiveness of other treatments and experimental approaches aimed to restore the 

heat shock response or study aspects of proteostasis, not only in HD but in other 

protein conformational disorders featuring a presence of aggregates, such as AD, PD 

or ALS.  
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• The possibility of treatments involving the induction of the heat shock 

response in the human disease 

Evidence of dysregulated proteostasis and clearance of mutant HTT has been 

reported in the human disease, in post-mortem tissues or cells derived from HD 

patients (Bennet et al., 2007; Martinez-Vicente et al., 2010). 

The long-term application of treatments targeting the heat shock response may not 

be an ideal therapeutic strategy for the reasons previously discussed. Perhaps, a 

short-term or pulsed treatment in combination with other UPS and autophagy 

inducers may be successful in the prevention of misfolding and degradation of the 

already aggregated forms. These approaches may also be considered as a 

preventative therapeutic intervention to reduce smaller, oligomeric species at early 

or pre-symptomatic stages of the disease, before the formation of inclusions.  

In conclusion, the maintenance of protein homeostasis is complex and critical in 

cellular physiology and health, as its disruption is a feature in many protein 

conformational diseases. A deep understanding of the mechanisms and regulators 

governing this disruption is essential, to apply this knowledge in the development of 

refined therapeutic strategies. The work contained in this thesis may shed some light 

on these dysregulated mechanisms and address some valuable points, which may 

hopefully be useful in elucidating novel ways to cope with proteotoxicity. 

 

Appendix 

Full-length blots from Figures in Chapter 4, corresponding to Figures 4.31 and 4.32 

(from next page). 
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Appendix Figure 1. Full-length western blots of HSF1 in brain hemispheres of 
zQ175 and wild-type mice at 12 months of age. 
Ful-length western blots brain hemispheres of zQ175 and wild-type mice at 12 
months of age, corresponding to Figure 4.31; (a) immunoprobed with HSF1 
Proteintech 51034-1-AP antibody, (b) areas that were used for the 
quantification from the HSF1 antibody probed blot, (c) immunoprobed with 
ATP5B antibody and (d) areas selected for the quantification from the ATP5B 
antibody probed blot. Veh = vehicle; 990 = NVP-HSP990; WT = wild-type. 
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Appendix Figure 2. Full-length western blots of HSF1 in tibialis anterior of 
zQ175 and wild-type mice at 20 months of age. 
Full-length western blot in tibialis anterior of zQ175 and wild-type mice at 20 
months of age, corresponding to Figure 4.32, (a) immunoprobed with HSF1 
Proteintech 51034-1-AP antibody, (b) the areas that were used in the 
quantification, from the HSF1 antibody probed blot; (c) immunoprobed with 
ATP5B antibody, and (d) areas selected for quantification, from the ATP5B 
antibody probed blot. The blue stars refer to samples that were excluded from 
the quantification because of poor induction of the heat shock response 
(indicated in section 4.4.4). Veh = vehicle; 990 = NVP-HSP990; WT = wild-type. 
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Appendix Figure 3. Full-length western blots of HSF1 in striatum of zQ175 and 
wild-type mice at 20 months of age. 
Full-length western blot in striatum of zQ175 and wild-type mice at 20 months 
of age, corresponding to Figure 4.32, (a) immunoprobed with HSF1 Bethyl A303-
176A antibody, (b) the areas that were used in the quantification, from the HSF1 
antibody probed blot; (c) immunoprobed with ATP5B antibody, and (d) areas 
selected for quantification, from the ATP5B antibody probed blot. The blue stars 
refer to samples that were excluded from the quantification because of poor 
induction of the heat shock response (indicated in section 4.4.4). Veh = vehicle; 
990 = NVP-HSP990; WT = wild-type. 
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Appendix Figure 4. Full-length western blots of HSF1 in cortex of zQ175 and 
wild-type mice at 20 months of age. 
Full-length western blot in cortex of zQ175 and wild-type mice at 20 months of 
age, corresponding to Figure 4.32, (a) immunoprobed with HSF1 Proteintech 
51034-1-AP antibody, (b) the areas that were used in the quantification, from 
the HSF1 antibody probed blot; (c) immunoprobed with ATP5B antibody, and 
(d) areas selected for quantification, from the ATP5B antibody probed blot. The 
blue stars refer to samples that were excluded from the quantification because 
of poor induction of the heat shock response (indicated in section 4.4.4). Veh = 
vehicle; 990 = NVP-HSP990; WT = wild-type. 
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