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Abstract  

Heat Shock Transcription Factor 1 (HSF1) is a critical regulator of  transcription  

that facilitates cellular stress protection in response to protein misfolding, rapid cell 

proliferation , and other stressful conditions . Defective HSF1 regulation is observed in 

cellular and animal models of cancer, where hyperactive and dysregulated HSF1 

support s cancer survival , and in neurodegenerative disease, where HSF1 function is 

compromised, further exacerbating protein misfolding . HSF1 is tightly  regulated 

through intramolecular interactions, post -translational modifications, and protein -

protein interactions ; however, little is known  about ho HSF1 regulation differ s in 

response to stresses such as acute or chronic protein mi sfolding . 

We identifi ed one mechanism that contributes to the diminution  of HSF1 in 

chronic protein misfolding in the  context of Huntington ɀÚɯ#ÐÚease involving  

inappropriate interaction s of HSF1 with CK2ϔɀ and FBXW7 E3 ligase. We found t hese 

protein-protei n interactions coordinate the abnormal phosphorylation -dependent 

degradation of HSF1. Importantly , inhibition of this aberrant HSF1 degradation 

attenuates the biochemical defects and protein misfolding in Hun ting tonɀs Disease.  To 

further elucidate how HSF1-interacting protein s regulate HSF1 in acute and chronic 

stress, we carried out quantitative proteomics studies of the HSF1 interactome under 

control, acute heat shock, and in a cell model of Huntin ÎÛÖÕɀÚɯ#ÐÚÌÈÚÌ. We recapitulated 
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many previo usly described interaction partner s of HSF1 and identified several novel 

HSF1-interacting proteins that encompass a wide variety of cellular functions, including 

roles in DNA repair, mRNA processing, and regulation of RNA polymerase II. We 

further  report  on the interaction of HSF1 with CCCTC binding factor (CTCF), which 

modulates target gene activation and repression function of HSF1 by facilitating DNA 

binding at CTCF and HSF1 co-regulated loci. Given the role and elevated expression of 

both pro-infla mmatory proteins  and Tau in Hunting ÛÖÕɀs Disease, and their defective 

repression by HSF1, understanding the mechanisms of HSF1 repression is of great 

interest. The studies presented in this thesis expand our understanding of HSF1-

mediated gene activation and repression, and the regulation of HSF1 via protein -protein 

interactions. 
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1. In trod uction   

Portions of the following Chapter (indi cated with  a section titl e citation ) have 

been adapted from , or are closely related to, a review  paper publi shed in Nature 

Review s Molecular and Cellu lar Biology in 2018 entitled Regulation of heat shock 

transcription factors and their roles in physiology and diseasegomez1. I shared primary 

authorship  for this paper wi th Rocio Gomez-Pastor. Additio nall y, I generated many 

sections of this chapter that were not part of the review paper .   

1.1 Protei n homeostasis  

To produce functional proteins, nascent polypeptides must assume their nat ive 

conformation . Although some proteins can complete the folding proc ess autonomously  

as demonstrated by the seminal Anfinsen experiment2, many proteins requi re the 

assistance of protein chaperones to fold within the cr owded  cellular environment  3. 

Addi tionally, proteins ma y fail to maintai n their  native conformation s due to exposure 

to stresses that result in protein  misfoldin g, destabilizing mutations, or  issues with 

protein tran slati on4. A diverse network of p rotein chaperones function s in concert with  

prot ein degradation machinery to maintain cell ular protein homeostasis, which is 

constantly challenged and critical  for cell surviva l.  

1.1.1 Protein  chaperones 

Cells encode myriad chaperones, including constitutively tr anscribed or stress-

induced chaperones. In add ition  to folding  newly  synthesized proteins, chaperones also 
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refold misfolded and aggr egated proteins, facilitate multi -subunit complex for mation, 

and target damaged proteins for degr adation3,5. Chaperone systems are conserved from 

bacteria to humans, whi ch possess organelle-specific chaperones for t he mitochondria, 

endoplasmic reticulum, and the cytoplasm. Cytop lasmic chaperones includ e the 

fol lowing: heat shock protein s like H sp70 and Hsp90, where the number indic ates the 

molecular weight of the first  identifi ed founding member; small Hsps; Tcp1 Ring 

Complex (TRiC) chaperonin; and a variety  of co-chaperones function i n complexes3,5. In 

eukaryotes, chaperones are required for the folding of  upwards  of 85 percent of cellul ar 

proteins, including kinases, transcription factors, cell signaling protei ns, and many 

others 6. Chaperones are required for the folding of seemingly every cellular fun ction, 

highlig hti ng their importan ce in cellular fu nction 3,5,7.  

A common theme of chaperone-mediated refolding is the interaction of  

chaperones with exposed hydropho bic regions of client proteins. To facili tate foldin g of 

clients, many chaperones, though not all, undergo cyclic conformational changes 

uti lizi ng ATP. Chaperones commonly act in  obligate hetero-complexes with co-factors, 

including Hsp70 which cooperates wi th nucleotide exchange factors and a collection of 

Hsp40 co-chaperones8. For instance, Hsp70 collaborates with Hsp110 and Hsp40 to 

uniquely acts to disaggregate and reactivate protein aggregates9-11. Hsp90 cooperates 

with a plethora of co-chaperones, some that modu late the folding c ycle of Hsp90 and 

others that aid in recruitmen t of client proteins, which include almost 60% of cellul ar 
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kinases, several steroid hormone receptors, p53, and MDM2 , among many others7. In 

contrast to Hsp70 and Hsp90, TRiC does not require a cofactor; TRiC mediates substrate 

refolding aut onomously by encompassing substrates in an isolated chamber and 

catalyzes an ATP-dependent folding cycle 12. TRiC is a group II chaperonin that is 

functionally  conserved from the GroEL systrm of E. coli, and is involved in folding ~10%  

of cytosolic proteins 12. Although t hese chaperone systems catalyze protein  foldin g 

ind ependently , they also function in concert  by handing off proteins to each other13, 

especially for the folding of large, multi -domain protei ns14.  

Another crit ical feature of protein quality contr ol is selective destruction of  

proteins, via proteasomal or autophagic degradation , though the determin ing factors for 

folding versus destruction are not completely  understood15.  

1.1.2 Protei n degradation machin ery  

Proteasomal degradation is the major pathway of cytosolic and nuclear protein 

destru ction in eukaryotic cells, responsible for ~80-90% of protein degradation16,17. 

Proteins are marked for p roteasomal degradation by the attachment of ubiquitin  (Ub) to 

Lys residues by an E3 ligase, which is extended further  into a multi -ubiquit in chain. 

Chaperones play a key role in targeting damaged proteins for degradation4,18,19.  One of 

the most well-studie d systems is the carboxy terminus  of Hsc70 interacting pr otein 

(CHIP), a bifunctiona l enzymes that functions as an E3 ligase and interactin g partner of 

Hsp70 and Hsp904,20. CHIP catalyzes covalent attachment of ubiquitin  to chaperone-
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bound client proteins, targeting  them for degradation  through t he proteasome20. 

Chaperones also escort proteins marked for degradation to the proteasome with the 

assistance of co-chaperones includi ng the BCL2-associated athantogene-1 (BAG1)18. 

Proteins can also undergo several types of autophagic degradation : micro-

autophagy , macro-autophagy, and chaperone-mediated, all ul timatel y resulting in 

proteolytic degradation with in the protease-rich lysosome19. In micro-autophagic 

degradation, proteins are transported di rectly into the lysosome whereas macro-

autophagy involves  the fusion of a protein-containing vesicle with the lysosome. 

Additionally , protein chaperones, inclu ding  Hsp70, can deliver  cargo proteins to the 

lysosome, by directly interacting wi th lysosomal proteins in chaperone-mediated 

autophagy 19.  

Overall , the protein  homeostasis machinery, including b oth chaperones and 

protein degradation machinery , are involved i n maintenance of proteins at all states. 

From generation of native protein proteins with co-translational folding  on the 

ri bosome, to refold ing misfolded prot eins, and ultimately, to protei n degradation, these 

systems maintain cellular protein fo lding capacity. In unstressed conditio ns, protein 

homeostasis is maintained by constitutively expressed chaperones and degradation 

machinery . In response to protein misfoldin g, cells transcriptionally a ctivate ind ucible 

chaperones and elevate levels of degradation machinery. 
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1.2 Disruptions in protein homeostasis  

1.2.1 Transient  disrup ti ons in prot ein  homeostasis 

Protein homeostasis is severely compromised by many types of stress, inclu ding 

elevated temperatures, osmotic stress, and oxidative stress1,21,22. In order to recover from  

protein misfolding  resultin g from acute stress, cells halt global  protei n translation and 

activate expression of prot ein quali ty control systems, includi ng protein chaperones and 

protein  degradation  machinery , wh ich ameliorate protein misfolding  and ultim ately 

promote cell survival 1,21,22. This stress response is known as the ɁHeat Shock Responseɂ 

(HSR).  

1.2.2 Chronic protein misfolding diseases  

Many human disease are associated with toxic protein misfold ing and 

aggregation, inclu ding many neurodegenerative diseases, Type II Di abetes, and cystic 

fibrosis23,24. In protein misfolding  diseases, a protein acquires an increased propensity to 

misfold , exposing hydro phobic regions of the protein that can inappro priately  interact 

with  and cause misfolding of other cellular  protei ns24. This leads to furt her protein 

misfolding and formation o f prot ein aggregates that catastrophicall y disrupt cellular  

function  ultimately result in cell  death. The protein  quality  control systems in these cells 

are unable to cope with the level of protein misfolding 23.  
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1.2.2.1 Huntin gtonɀÚɯ#ÐÚÌÈÚÌ 

Huntingt onɀs Disease (HD) is an autosomal dominan t, genetically inh erited 

disease that is caused by an abnormal expansion of a CAG tract (>39) in exon 1 of the 

Hunt ingtin (HTT) gene25,26. CAG encodes for the amino acid glutamine, producing a 

poly -glut amine (polyQ) -ri ch Htt  protein  that is pathogenic in nature due to its 

propensity to misfold an d aggregate27-29. HD is one of nine described poly glutamine -

related neurodegenerative diseases in humans, which are caused by polyQ expansions 

in unrelated proteins that catastrophically disrupt pr otein homeostasis and cause cell 

death30. In the case of HD, p athogenic Htt forms toxic misfolded and aggregated species 

that aberrant ly  interact wit h critical cellu lar components like transcriptio n factors, 

proteins invol ved in signaling , and other key proteins, disrupting cellular function  and 

eventually causing neuronal death 27-29.  Pathogenic Htt is expressed throughout the 

body, and though the selective mechanisms is not completely understood, medium 

spiny neurons (MSNs) of the striatum are exquisitely susceptible to Htt toxicity , 

ultimately c ausing neuronal death and profound loss of the striatal region in patient 

brains26. Patients experience motor, cognitive, and psychiatr ic defici ts that worsen with  

disease progression29. Disease onset typically occurs between the third  and fifth  decade 

of li fe; earlier age of onset and severity of protein aggregation  is observed for  longer 

polyQ expansions (mHtt) 25,31. This is consistent with t he faster aggregation rates of 

longer polyQ mH tt proteins in HD mode l cells and mice, and in structural studies  in 
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vitro32. mH tt  adopts a highly stable, ϕ-sheet-rich structure that serves as a nucleation 

point for further protein agg regation32.  

In H D and several other similar protei n misfolding -based neurodegenerative 

diseases, this severe disruption in pr otein homeostasis is furthe r exacerbated by the 

dim inution in protein  chaperones and protein degradation machinery 33-37. Activation of  

cytoprot ective chaperones and protein degradation m achinery have shown to dimin ish 

protei n misfolding and aggregate clearance in HD , including Hsp 40, Hsp70, TRiC, and 

autophagic degradation components38-42. The benefit of enhancing protein folding  

capacity has been demonstrated for a vast array of chronic protein misfolding diseases, 

including Alzhei merɀs Disease, Parkinsonɀs Disease, spinobulbar muscul ar atrophy, and 

many others32.  The efficacy of activation  of protein quality con trol  and the paucity of 

HD  therapeutic int erventions underscore the importance of understanding the cellular 

regulat ion of pro tein homeostasis and dysregulation in neurodegenera tive disease43.  

1.3 Heat Shock Transcript ion Factor 1, the master regulator of 

stress-responsive transcripti on and beyond  

Heat Shock Transcription Factors (HSFs) are a famil y of DNA binding pro teins, 

largely conserved from fung i to human s21,44. HSFs bind  specifically  at Heat Shock 

Elements (HSEs) containing inverted repeats of the pentameric sequence nGAAn  and 

regulate gene transcription. Heat Shock Transcripti on Factor 1 (HSF1) is the master 

regulator of the HSR, though its cellular roles extend far beyond the stress-induced 
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transcription of heat shock proteins; HSF1 orchestrates complex transcrip tional 

signatures in cells by both activation and repression of targets genes important i n aging, 

neurodegeneration, cancer, and the immune response37,45-47. HSF1 is highly regulated 

through protein -prot ein interactions, post-translati onal modifi cations, and degradation, 

and HSF1 dysregulation is a common thread in many human diseases1,45,46,48. The 

structur e, function, and regulation of HSF1 have highlighted the importance of HSF1 in 

the Heat Shock Response and beyond.  

1.3.1 Structure of HSF1 

A model for  the pr imary structure of HSF1 is shown  in Figure 1. HSF1 contains 

an amino-terminal, winged helix-turn -helix DNA  binding domain (DBD)1,21 possessing a 

conserved recognitio n helix with a SFVRQ motif ; the conserved Arginine  residue 

directly  contacts the Guanine nucleotide of the nGAAn Heat Shock Element (HSE)49 and 

is required for HSF1 DNA bin din g50,51. The DBD is adjacent to the oligomer ization 

domain (LZ1-3), which contains two heptad repeats (HR-A and HR-B) that form coiled-

coil , leucine-zippers required  for oligom erization ; heptad repeats contain arrays of 

hydrophobic and polar resides in a part icular order, resulting  in the formation of 

amph ipathi c helices that form favorable electrostatic and hydroph obic interactions in 

HSF1 oligomer52,53. Adjacent to LZ1-3 is the Regulatory Doma in (RD), which is 

extensively post-translational ly modifie d by phosphoryl ation,  acetylation, sumoyl ation, 

to modulate HSF1 activity 1,54,55. The Leucine Zipper 4 (LZ4) domain contains another 
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heptad repeat (HR-C), wh ich forms an alpha helix that interacts wi th LZ1-3 to inhi bit 

HSF1 oligomerization (Figure 2)52,56 . The carboxy termin al Activation Domain (AD)  

contains acidic and hydrop hobic residues that stimu late transcript ional initi ation and 

elongation57,58. 

 

Figure 1: Domain o rganization of Heat Shock T ranscription Factor  1.Am ino-

terminal DNA  bindi ng domain (DBD, dark blue), leucine zipper  1-3 (LZ1-3, light blue), 

regulatory domain (RD, white), LZ4 (gold) , and carboxy-termina l activat ion domain 

(AD , orange). Heptad repeat (HR) regions that form  LZ are indicated with a line above 

the corresponding region. 

Two splicing isoforms of HSF1 have been described for mouse HSF1, '2%ƕϔɯÈÕd 

H2%ƕϕ59,60, which differ only the inclusi on (HS%ƕϔȺɯÖÙ the exclusion ('2%ƕϕȺɯÖÍɯ$ßÖÕɯ11, 

resulting in an additional 22 amino acids immediately C -terminal to  LZ459,60. These splice 

isoforms have not been identified for  human HSF1, nor have the other predicted splicing 

isoforms of HSF1 (HSF1 X1-X6), thus, the field has focused on the HSF1 isoform 

encoding the full length, 529 amino acid pro tein shown in Figure 11.  

 To further complic ate matters, the human genome encodes six heat shock 

transcription f actor (HSF) proteins: HSF1, HSF2, HSF4, HSF5, HSFX and HSFY1. HSF2 

and HSF4 share the conserved DBD of HSF1, which has yet to be validated in the other 

isoforms21. While HSF1 is the master regulator of protein quality -control machinery 

expression in response to proteotoxic stress conditio ns and further reg ulates gene 
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expression to support  cell survival 45,48. HSF2 is highly expressed during early 

development 61 and in the testis62, and has been described as an activator of protein 

chaperone genes in the febrile range of temperatures and as a tumor  suppressor and 

activator 63. In contrast, HSF4 is required for growth and differentiation during eye le ns 

development, and HSF4 mutations cause cataracts64,65. HSF4 lacks an LZ4 domain, 

resulti ng in constit utive trimerization and DNA -binding activit y66. HSF4 is also 

expressed in the heart, brain, skeletal muscle and pancreas66. HSF5 has only been 

validated at the t ranscript level in humans, wh ereas HSF3 has been identified in mice 

but not in humans 67. HSFX is located on the X chromosome, and its function has not 

been extensively explored 61, while HSFY of the Y chromosome is primarily expressed in 

the testis, and HSFY deletion contributes to male infertil ity 68. The studies in this thesis 

will fo cus on HSF1 and will touch on HSF2, which can hetero-mult imerize with HSF 269. 

1.3.1.1 HSF1 oligomerization at the protein level  

HSF1 exists as an inactive monomer and a DNA-binding com petent trimer 1,21,22. 

The model for HSF1 monomer to trimer  transition is shown in Figure 2, where the 

repressive LZ4 interacts with LZ 1-3 to maintain the monomeric HSF152,56.  
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Figure 2: HSF1 oligom erization HSF1 exists as an inactive monomer and a higher 

order oligomer, proposed to be trimeric (oligomerization st ates. LZ4 interacts with LZ1-

3, suppressing oligomerization . HSF1 domains are colored as in Figure 1. 

In the absence of DNA, HSF1 in the absence of DNA is highly unstructure d 

accordin g to studies of HSF1 by hydrogen -deuterium exchange mass spectrometry 

(HD X-MSa)70. Interestingl y, only a few regions of HSF1 are structured at 20ʁ", includin g 

parts of the DBD, LZ1-3 and LZ470. HSF1 oligomerizes in vitro at elevated temperatures, 

and this oligo merization is accompanied by an unfoldi ng of LZ4 domain and 

stabiliz ation of LZ1-3, consistent with the model shown in Figure 270. In monomeric 

HSF1, LZ4 and LZ1-3 interact in a fairly  structured manner, but as an oligomer , LZ1-3 

regions of HSF1 monomers come together to form a structured coiled-coil whi le LZ4 is 

more solvent accessible.  

These HDX-based studies elucidated the structural changes of HSF1 during 

oligomerization . Based on the temperature-induced oligom erization of  HSF1 in vitro, it 

 

a HD X relies on the different  exchange rate of H (1H) and D (2H), where unstru ctured , solvent accessible 

areas of a protein have faster H/D exchange than structured regions. 
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was suggested that HSF1 acts as an intrinsic thermosensor70, though this may be partly 

att ributed to the temperature -dependence of oligomeriz ation  in general and not 

specidific to HSF1 71. The mechanism and biological significance of HSF1 

oligomerizati on in vivo is discussed further below. 

1.3.1.2 Structural stud ies reveal paradig m shift of the HSF -DNA st ructure 1  

Stru ctural studi es of the HSF DBD from the yeast K. lactis previously 

demonstrated that a HSF-specific recognition h elix, containi ng the conserved SFVRQ 

sequence, inserts into the major groove and makes sequences specific contacts with the 

DNA 49, including hyd rogen bonding between the conserved Ar g of the recognition helix 

and the guanine of the nGAAn , making Arg essential for DNA bind ing49. Diff erent 

orientatio ns of HSEs are observed throughout  the genome, in head-to-head 

(nGAAnn TTCnnGAA n) or tail -to-tail (nTTCnnGAA nnGAAn ) orientation72. The number 

and orientation of th ese pentameric sequences dri ves preferential HSF1 DNA bi nding  to 

DN A in vitro and is partially reflected in genome occupancy of HSF1 in vivo73,74 

A lth ough the K. lactis HSF structure provided valu able information about how 

an HSF binds DNA , little i nformation w as gleaned over the past fifteen years that 

provid es new insights into the functional impl ications of HSF DNA binding topo logy. 

Two recent crystallographic s tud ies of the human HSF1 and HSF2 DBDs were solved in 

complex with DNA 69,75. these new structures demonstrated similar H SF-DN A 
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interactions as were observed from the K. lactis HSF, however, they also revealed a new 

understanding of the architecture of HSFs in their DNA -bound form (Figure 3a-c). 

These independently solved struct ures revealed that a highly conserved  

carboxyl -terminal helix of the DBD wr aps around the DNA and dire cts LZ1-3 to the 

opposite side of the DNA ( Figure 3a, b, red helix)69. In both HSFs this topology is 

stabilized by the favorable packing of a conserved amphipath ic helix (residues LLENI)  

into a hydrophobic pocket and throu gh additi onal DN A backbone contacts with 

conserved Arg and Lys residues preceding and following the helix . Previous HSF-DBD 

models predicted that the oligomerization domain of each monomer is positioned 

direct ly above the DBD, effectively occluding the  portion o f the DBD not in contact with 

the DNA from addi tional interactions (Figure 3c). This novel juxtaposition  of the 

oligomerization domain w as observed in both the HSF1 and HSF2 stru ctures69,75. 

Importantly, the surfaces of HSF paralogs in this new m odel have biochemically distinct  

surfaces (Figure 3e, f) that are exposed for diffe rential pro tein-prot ein interactions and 

PTMs. 

Interestingly,  structural  studi es consistently found the HSF1 or HSF2 DBD in a 

dimeri zed state49,69,75, as opposed to the trimeric form observed in in vivo studies. 

However , to date, structural studies of HSFs have been conducted without the LZ1 -3 

oligomeri zation domain , which could affect the oligomer ization state. Most winged 

helix-turn -helix prot eins bind DNA a s a monomer, dimer, or tetramer, whereas HSF1 
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oligomerizati on states are uni quely monomer to trim er1,21,22. HSFs are also distinct from 

other winged hel ix-turn -helix DNA binding proteins in their  utilizat ion of the wi ng 

domain. The wing domain of HSFs do not make direct contact with  phosphodiester 

backbone of DNA, as typical winged helix -turn -helix DNA b indin g proteins49,76. 

 

Figure  3: Structural  in sights into Heat Shock Transcriptio n FactorɬDNA a,b) 

Crystal structure of the DN A-bind ing domain (DBD) of heat shock transcript ion factor 1 

(HSF1)75 (PDB accession number: 3HTS) and HSF269 (PDB: 5D8K) bound to a two-site 

heat shock element (HSE) as a dimer. Conserved carboxy-terminal  heli x (red) di rects 

these HSFs to wrap around the HSE DNA, resultin g in a topology where the DBD and 

the remainder of the HSF protein (not present in the crystal structure) occupy opposite 

sides of the DNA.  c In the old model (left): the oligomerization do mains (light blue) 

were positioned on top of the DBD, such that the free surface of the DBD (shown  in 

green) was occluded. In the new model (right ): green surface of the DBD is solvent 

exposed and available for pr otein int eractions or PTMs. d Surface representations of 

HSF1, HSF2 and HSF4 in their DNA -bound state with identi cal amino acids shared by 

all three family mem bers shown in blue and divergent residues in green, cyan and 

orange, respectively. The surfaces that contact DNA are highly  conserved, whereas the 

solvent-exposed surfaces are divergent. e Sequence alignment of  the DBDs of HSF1, 
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HSF2 and HSF4. Residues conserved between isoforms are highlighted in black. 

Residues that contribute to the formation o f ϔ-helices, ϕ-sheets and wing domains of 

HSF1 and HSF2 (from crystal structures69,75) are underlined  (as no structural data for 

HSF4 are current ly avail able, residues contributi ng to secondary structures are not 

designated). f  The HSF2 DBD structure (PDB: 5D8K) with a ful ly resolved wing domain 

and a line showing the location of Lys82, wh ich is specifically  sumoylated for HSF2. 

1.3.2 Transcriptional functio nalit ies of HSF1  

Historically , HSF1 has pri marily been recognized for its classic role in stress-

ind uced activation of genes encoding heat shock proteins, which restore protein 

homeostasis after heat shock21. It  has since been shown that H SF1 is activated by many 

additional typ es of stress, including heavy  metal stress, viral infection,  changes in 

intracellular pH, and others that disrupt p rotein homeostasis1,21. Since its discovery, 

HSF1 has been shown regulate a complex network of gene targets that extends far 

beyond  the canonical regulation of chaperones in response to heat stress. These diverse 

cellular role s have revealed that HSF1 is a multifaceted and complex transcript ion factor , 

regulating many aspects of cellular  function throug h transcription al activation, but also, 

through gene repression.  

1.3.2.1 HSF1 stress-ind uced transcription al activation of t arget genes 

In response to protein misfolding, HSF1 activates myria d gene targets, including 

genes encoding t he aforementioned heat shock proteins, though the constellati on of 

HSF1-regulated genes has expanded greatly since the discovery of the heat shock 

response21. For example, in 2004, 94 HSF1-bound genes were identified , which w as an 

order of  magnitu de higher than previously described  at that time 77. More recently, 
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advances in next generation sequencing have revealed many additional chaperones 

regulated by HSF1 and over 200 non-chaperone genes activated by HSF1 in heat shock78.  

Some of the chaperones HSF1 activates include the following:  Hsp70, Hsp90, and 

TRiC chaperone subuni ts47. HSF1 also activates co-chaperones like  CDC37, AHA1, and 

Hsp40, among many others47. Add ition ally,  HSF1 induces transcription of  factors that 

assist in restoration of protein homeostasis, including protei n degradation machinery for 

both autophagy (includi ng autophagy related protein 7)79 and polyubiqu itin  genes that 

are requir ed for pro teasomal degradation47,78. HSF1 also induces transcription of 

regulators of gene transcript ion, translation, cell cycle progression, metabolism, and 

many others1,21,22.   

Using HSF1 Chromatin Immunoprecip itation -sequencing (ChIP-seq) and PRO-

seqb of WT and HSF1-/- Mouse Embryonic Fibroblasts (MEFS), one study determined that 

~13% of heat shock-ind uced alterations in gene expression were exclusively dependent 

on HSF1, whereas the other transcriptional changes observed in heat shock were also 

achieved in the absence of HSF178. Some of the HSF1-dependent targets include heat 

shock proteins, other chaperones and targets invo lved in pro tein fo lding , many protein 

kinases, genes involved in apoptotic signaling , and in signaling  pathways l ike inter feron 

gamma78. Alt hough th is study cannot account for the compensatory m echanisms that 

 

b Precision nuclear run -on sequencing (PRO-seq) maps active RNA Polymerase II at nucleotide -level 

resolution  and is used for analysis of transcript abundance at the genome-wide scale  
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may arise from chronic HSF1 deletion or the possibility that , due to chronic loss of a 

stress-protective HSF1, HSF1-/- cells may have a diff erent manner of heat shock survival, 

it d oes offer a reasonable overview  of the many HSF1-dependent targets. 

1.3.2.1.1 Transcriptional activation by HSF1  

In order to activate gene transcript ion, HSE-bound HSF1 collaborates with many 

co-activators like chromatin remo deli ng complexes and histone acetyltransferases, 

recruit pre-initiation comple x (PIC) containing RNA Polymerase II  (Pol I I) and general 

transcription f actors57. For most transcriptio n factors, the PIC and transcription factor 

complexes are bridged by the Mediator complex, which also aids in informa tion  

exchange57. Transcriptio n Factor II-H (TFIIH), a complex containing many proteins 

includi ng a helicase and kinase, unwi nds local DNA  and phosphoryla tes the C-termi nal 

domain of promoter -bound Pol II , stimulating productive  Pol II gene transcription 57,78,80. 

For many stress-induced targets, like inducible Hsp70 (HSPA1A), promoter-proximal -

paused Pol II is accumulated before stress in an inactive state; in response to HSF1 

activation and HS, positive transcriptiona l elongation factor (P-TEFb) is recruited and 

stim ulates Pol II release and HS-induced gene transcription of target genes57,80. HSF1 has 

also been shown to int eract w ith chromatin  remodeling compl ex proteins, including a 

BRG1-contain ing SWI/SNF complex, which facili tates induction o f Hsp70 after stress81,82. 

A simplified summary of the co-activators involved in activation of  Hsp70 is shown in 

Figure 4.  
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Figure 4: HSF1 stress-induce d gene activation  involv es many addi ti onal 

prote ins 57 HSF1 (shown as DNA bound trim er wi th domains colored as Figure 1, 

interacts with General Transcription Factors (GTFs), co-activators, Mediator complex 

containing  Med 2657, and SWI/SNF chromatin remodeling complex containing  BRG182,83. 

For many heat-induced loci of HSF1, pause-release of Pol II is stimulated by 

phosphory lation of the CTD of Pol II by P-TEFb (not pictured) , wh ich is recruit ed to HS-

induc ed genes in an HSF1-dependent manner80 

1.3.2.2 HSF1 basal gene transcrip tion  

Although HSF1 is primarily inac tive in t he absence of stress, some HSF1 is 

nuclear and bound to target genes in unstressed cells84,85. Several studies have 

demonstrated nuclear localization. DNA b indi ng, and HSF1-dependent gene regulatio n 

in basal conditions; this shown in detail in cultured cells and mice60,77,84,86 and by 

comparing levels HSF1 target genes in wi ld-type and Hsf1-/- mice87. Additionally, r obust 

HSF1 binding is detected at HSEs in genes that are not induced by heat shock, raising 

the question of whether HSF1 could regulate expression of these genes in another 

cellular context, perhaps in unstressed conditi ons85. Overall, these studies demonstrate 

that HSF1 basally regulates transcription of chaperones and many non-chaperone 

targets, including several pro-inflammatory targets88-91 through both activation and 

repression of target genes. 
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1.3.2.2.1 Basal transcriptional activation by HSF1 

Although it  is clear that HSF1 is required for stress-induced activat ion of genes 

encoding protein chaperones, the dependence of basal chaperone expression on HSF1 

appears to vary between organisms and cell types60,77,87,92. For instance, one study found 

that HSF1 regulates the basal transcription  of some chaperones in the heart, including 

Hsp25Ȯɯϔ!-crystallin and Hsp70 , but not Hsp90 or Hsp6087. In contrast, another study 

identified  Hsp25 and Hsp90 as basal targets of HSF1 in the prostate93 while basal 

expression of Hsp25 and Hsp 70 both rely on HSF1 in cultured fibroblasts92. The 

regulatory mechanisms that dictate basal HSF1-mediated transcription  have not been 

extensively explored and, given the discrepancies between studies of which chaperones 

are constitutively  regulated by HSF1, may be cell -type specific60,77,87,92.  

Many chaperone targets of HSF1 are basally bound by HSF1 and show 

increasing binding and transcriptional activation in response to heat. However , binding 

of HSF1 is not simply  augmented at identical loci in response to heat stress. One 

genome-wide HSF1 ChIP-seq study found that almost half the 316 loci bound by HSF1 

in unstressed cells were distinct from HSF1 binding sites in heat shock, but this study 

did not determine if transcription of these HSF1-bound genes depends on HSF185. One 

study analyzed transcript ional changes in HSF1 knockdown  cells and validated HSF1 

binding for  five  genes, including synuclein alpha interacting protein , Leucine Rich 

Repeat Neuronal 4, and Fibromodulin 94. To date, a comprehensive analysis of the basal 

genes regulated by HSF1 in unstressed conditions has not been published. 
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1.3.2.2.2 Repression of genes by HSF1 

Some follow-up studies on basal HSF1 transcriptional regulation revealed that 

HSF1 can act a transcript ional repressor88-91. Several studies have identified target genes 

repressed by HSF1, includi ng the infl ammatory cytokine Tumor Necrosis Factor ϔ 

(TNFϔ)89,92. TNFϔ contains a canonical HSE in the 5ɀ untranslated  region to which HSF1 

binds; mutation of thi s HSE in a reporter-driven plasmid abrogated the HSF1-mediated 

repression, showing a  direct inv olvement for HSF1 in TNFϔ repression89. Additionally, 

via interaction with  Nuclear Factor Interleukin 6 (NF -IL6), HSF1 represses interleukin 1ϕ 

(IL-1ϕ)88,90, whi ch may contribute t o the high levels of inflammatory cytokines detected 

in Hsf1-/- mice in several other studies92,95. Subsequent investigations revealed that the 

repression of IL -1ϕ involves the interaction  of HSF1 with NF-IL6, whic h precludes the 

interaction of NF-IL6 with ot her essential transcription factors required for 

transcriptional activation 91. Several other HSF1 repression targets have been identified, 

includin g c-Fms, possibly through a similar mechanism as IL-1ϕ, and c-Fos genes, 

through a unique mechani sm90,91.  

Some studies suggest that cellular context may dic tate whether genes are 

activated or repressed by HSF1. For instance, one study found HSF1 binding  broadly  

correlated transcription al activation  or transcriptional repression in somatic or 

spermatogenic cells, respectively96.  

The importance of cellular context in dictati ng the regulation of HSF1 gene 

targets is readily observed by comparing th e HSF1-driven  genes in malign ancy, 
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neurodegeneration, or cell cycle47,78,85,97,98. For example, in malignant and benign cells, 

genome-wide ChIP-seq and RNA-seq identified a complex network of HSF1 activation 

and repression targets45. To date, this is the most extensive characterization of HSF1-

mediated gene repression. Aside from  the few target genes that involve t he HSF1-NF-

IL6 interaction, how HSF1 mediates repression of target genes has not been fully 

elucidated. At target gene activation si tes, HSF1 is known to interact with SWI/SNF 

chromatin remodeling  complex81,82, which  can facilitate  both gene activation and 

repression99; however, the involvement of chromatin remodeling  in HSF1-mediated gene 

repression has not been explored. The importance of repression targets in human 

disease is discussed below. 

1.3.3 Canonical r egulatio n cycle of HSF11 

The HSF1 activation cycle is a mul tistep, highly -regulated process (Figure 5) 

allowing for transient activation  of basally repressed HSF1 in response to protein  

misfol ding follo wed by subsequent attenuation 1. Overall, t he cycle involves HSF1 

oligomeriza tion, nucl ear retention, target gene binding and transcriptional regulation , 

and finally, H SF1 degradation  or recycling1. The activat ion/attenuation  cycle below 

describes the regulation imposed on HSF1 in response to stress; the regulation of  HSF1 

dr ivi ng basal gene activation and repression is largely unexplored. 
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1.3.3.1 Repression of HSF1 in unstre ssed cells  

In the absence of stress, HSF1 is maintained in an inactive state, predominant ly 

residing in the cytoplasm as a monomeric species. Following  heat shock, HSF1 prot eins 

are present as dimers, trimers , and higher order oligomers, as observed by native gel 

electrophoresis or size exclusion chromatography 52,53,56,100. These higher order olig omers 

of HSF1 from HS-cells acquire a substantial increase in DNA  binding affinity,  as 

measured in early studies by HSF1 binding labeled HSE oligonucleotides53. This 

observation is consistent with more recent in vi tro studies, which  found that tri meric 

HSF1 has ~10-fold hi gher affinit y for DNA  (~12 nM) than the monomeric form (123 nM) 

73. Thus, the conversion of HSF1 from inactive monomer to DNA-bind ing competent 

oligomer is a crucial point of  HSF1 activation; this basal repression of HSF1 is achieved 

through t he int ramolecular interaction between leucine zippers and interactions with a 

mult ichaperone complex21,53,101. 

1.3.4.1.1 Intramolecular repression of HSF1 leucine zippers  

As described above, LZ4 engages in a repressive interaction w ith LZ1 -3. This 

model is supported by in vivo studies mutatin g key hyd rophobic residues in LZ4 that 

disrupt LZ4 coiled-coil formation , which is required for the interaction wi th LZ1-

352,53,100,101. In the absence of repression by LZ4, these HSF1 variants are constitutive ly 

trimeri c100,101. Contrastingly , HSF1 lacking LZ1-3 is constitutive ly monomeric, shows 
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little  DNA bindin g activity  to labeled probesc, and is unable to induce expression from 

HSE-reporter plasmids52,56,102. Thus, although HSF1 oligomerizati on is required  for DNA  

binding and  stress-indu ced target gene activation, it is not suffi cient to promote nuclear 

localization or dri ve transcriptional activation in the absence of stress100,103, indicating 

additional  regulatory  mechanisms are at play.  

1.3.4.1.2 Repression of HSF1 via a multi -chaperone complex1 

HSF1 is thought to repressed by a multi -chaperone complex containing Hsp40, 

Hsp70, Hsp90, and TRiC, that participates in a feedback repression of HSF1 

activation21,44,104,105. In response to protein misfold ing, chaperones are modeled to be 

titr ated away to re-fold denatured client proteins  while  HSF1 is liberated to oligomeri ze 

and activate target gene transcription 106. This model is consistent with  the regulation of 

the bacterial thermal stress-responsive transcript ion factor Ϧ32 by a similar chaperone 

complex21,107. Because HSF1 indu ces transcription  of genes encoding these chaperones in 

heat shock, the increased pool of newly synthesized chaperones are thought to repress 

HSF1 activity (see Attenuation of HSF 1 activity  below), creating a repressive feedback 

loop21,22,106. 

Genetic knockdown or pharmacological inhibition of Hsp70, Hsp90, and Hsp40 

disrupt repressive interactions with HSF1 and allow  for HSF1 activation 104,108,109. 

 

c Probes are comprised of short stretches of li near DNA  oligonucleotides, typica lly labeled with ra dioactivi ty 

or fluore scence. DNA bindin g to probes can be measured in several ways, including  fluo rescence 

polarization or  electromobility shift assays.  
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However, because chaperone inhi bition causes protein misfoldin g, this disruption in 

protein hom eostasis alone could account for HSF1 activation. Several recent studies have 

helped refine the model of chaperone-mediated HSF1 repression, includi ng the 

discovery of a small molecule (HSF1A) that disrupts  the dir ect TRiC-HSF1 interaction 

but does not substantially inhib it TRiC-catalyzed refolding 105; in the absence of the 

repressive TRiC interaction, HSF1 localized to the nucleus and activated target genes. 

Another study found that HSF1 interacts with a  very specific, rarely sampled 

conformation of Hsp90 and that this interaction primari ly mediates attenuation  of the 

HSR (described below) , not basal sequestration  of HSF1 as an inactive monomer110; this 

is consistent with the previous observation that Hsp90 preferentiall y interacts with 

oligomeric , DNA -bound HSF1109. Similarly, Hsp70 was shown to interact w ith the 

activation do main of HSF1 and repress transcriptional activit y104. Overall, distinguishing 

HSF1 repression by Hsp70 and Hsp90 is made more difficult by the crucial role these 

chaperones play in cellular protein homeostasis. Although ch aperones may play a 

significant role in HSF1 regulation, t he precise mechanism by wh ich HSF1 receives 

signals of protein misfolding is  still unclear .  

1.3.3.2 Nuclear transport of HSF1  

In unstressed cells, human HSF1 is primaril y localized in the cytoplasm and is 

only appreciably found in the nucleus after stress1,43 . HSF1 has two  bipartite Nuclear 

Localizati on Signals (NLS) located on either size of LZ1-3; each contains tw o groups of 
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acidic amino acids with  approximately ten r esidues between them57,111, though only the 

more C terminal NLS is indispensable for HSF1 nuclear localization  mediated by an 

int eraction with ÐÔ×ÖÙÛÐÕɪϔ112.  

Litt le is known about HSF1 nuclear export and to what extent HSF1 is exported 

from the nucleus; no canonical Nuclear Export Sequence (NES) of human HSF1 has been 

identified 57. One study suggested a model of constitutive  nuclear-cytoplasmic shuttling  

in which  after heat shock, HSF1 export is inhibite d112. It is known that HSF1 nuclear 

export does depend exclusively on the canonical exportin -1 and is refractory to 

leptomycin -B treatment112. Overall, HSF1 nuclear import/export  mechanisms have not 

been extensively studied . 

1.3.3.3 Attenuation of HSF1 activity 1  

After  transient activation, HSF1 is subsequently repressed through several 

mechanisms. one such mechanism is the repressive feedback loop by the increased free 

pool of  newly synthesized chaperones available during the recovery period , which 

includes inducible  forms of  Hsp90, Hsp70, and the eight genes encoding the TRiC 

chaperonin21,44,104-106,113. Additionally , p97/VCP, HDAC6 and other pr oteins are thought to 

contribute t o the formati on of the repressive hetero-complex with HSF1 114. Addit ionally, 

localized recruitment of a n Hsp70-CoREST, a co-repressor, also diminis hes that activity 

of HSF1 at the Hsp70 promoter during the HSR 115. Many different PTMs (described 

below) are crucial for  attenuation  of HSF1 by altering its transcriptio nal activity , 



 

26 

changing protein -protein i nteractions, and promoting  HSF1 degradation ; of particular 

significance is the stress-induced acetylation of HSF1 Lys 80, which inhibits  DNA 

binding 49,69,116,117 . This acetylation event is tightly  regulated by p300 lysine 

acetyltransferase, which attenuates HSF1 activity, and lysine deacetylase SIRT1, which 

prolongs it 116,117 (discussed in ɁAcetylationɂ).  

 

Figure 5: Heat shock transcript ion factor 1 activat ion cycle1 In response to 

proteotoxic stress conditions HSF1 is subject to a multi -step activation/attenuation cycle. 

Inactive HSF1 monomers are retained in the cytopl asm in complex with regula tory 

proteins such as heat shock proteins (HSPs) 40, 70 and 90, and cytoplasmic chaperonin 

TRiC. Upon stress sensing, HSF1 is activated, causing the dissociation of inhibitor y 

proteins, HSF1 oligomerization and nuclear retention. HSF1 is modified by several 

activatin g post-translational modifica tions (PTMs) that promote DNA binding and 
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transcriptional act ivation of target genes in concert w ith cofactor recruitment. HSF1 is 

then modif ied by differen t inh ibitor y PTMs, and by p23, causing DNA dis sociation, 

HSF1 inactivat ion and HSF1 degradation. It is currentl y unknown where HSF1 

degradation occurs and to what extent HSF1 is newly  synthesized or recycled into th e 

cytoplasm. Ultimately, after attenuation, HSF1 is maint ained in the cytoplasm by an 

inhibitory protein complex in a negative-feedback mechanism. 

1.3.3.4 Degradati on or recycling of HSF11 

HSF1 degradation is an imp ortant regulatory step that has been exploited in  

disease states. While in cancer cells HSF1 protei n levels are increased45,118, thereby 

dr iv ing expression of a cancer transcriptome signature, in neurodegenerative diseases 

such as Alzheimer´s, Parkinson´s and Hunti ngton´s Disease HSF1 is significantly  

depleted and the expression of HSF1 target genes blunted 37,119,120. Additio nally, HSF 

protein levels change during mitosis 47,121. The mechanisms that regulate HSF protein 

turnover in disease, aging, and cell cycle are summarized below; however, lit tle is 

known about the degradation or recycling of HSF1 in response to heat shock1.  

1.3.4.4.1 Degradation of HSF1 in unstressed cells1 

In the absence of stress, HSF1 steady state levels are controlled by the p300 acetyl 

transferase that prom otes acetylati on of specific lysine residues (K208 and K298) to 

regulate HSF1 stability 116.  

1.3.4.4.2 Degradation of HSF1 throughout the cell cycle1 

HSF1 undergoes regulated degradation dur ing the cell cycle. HSF1 

phosphorylation by Polo-like ki nase (Plk1) induces HSF1 ubiqui tin-dependent 

degradation via SCF-TrCP, wh ich is essential for mi tot ic progression (Table 1). Failure to 

drive  HSF1 degradation results in aneuploidy and genomic instability 121. HSF2 levels 
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also decrease during mitosis122,123. Interestingly , Hsf2-/- MEFs and human K562 cells 

transfected wit h HSF2 shRNA increased HSF1 target gene occupancy and expression, 

increasing the surv ival of  mitoti c cells to acute heat stress123. These and other studi es 

suggest that the appropriat e timing  for HSF2 degradation allows HSF1 to access 

genomic loci that must be activated for stress resistance.  

1.3.4.4.3 Diminished HSF1 degradation in cancer increases HSF1 protein levels1 

In cell lines from peripheral nerve sheath tumor s and mouse lines deficient for  

the tumor suppr essor neurofib romatosis type 1 (NF1), HSF1 levels and activit y are 

elevated124. NF1 drives HSF1 degradation by repressing the activation of MEK, which 

phosphoryla tes and activates HSF1124. Recent studies demonstrate that the Fbxw7 F box 

E3 ligase component functions in the degradation of HSF1 in melanoma and it s 

depletion dampens HSF1 ubiquitylatio n and increases total HSF1 protein levels125. 

Studies conducted in HE K293 cells demonstrated that f ilamin i nteracting prot ein lik e 1 

(FILIP-1L), increased in response to angiogenesis inhibitors  used in cancer 

chemotherapy126 triggers HSF1 degradation though the ubiqui tin pro teasome127. 

1.3.4.4.4 Dysregulation of HSF1 degradation in aging1 

During  cell diff erentiation, aging and in neurodegeneration (mechanism 

discussed in Chapter 2), HSF1 activity is attenuated, contribut ing to increased stress 

susceptibil ity, the exacerbation of protein mi sfolding and aggregation and cell d eath. An 

age-related decline in stress response pathways has been wid ely documented and 

correlates with  decreased HSF1 levels. For example, older mice have reduced HSF1 
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protein levels in heart and muscle, compared with young mice, wi thout  changes in HSF1 

mRNA  levels128. Alth ough the mechanism under lying  decreased HSF1 levels in aging is 

stil l unknown , it has been suggested that increased HDAC1 and decreased SIRT1 

protein  levels contribute to changes in HSF1 abundance, perhaps through acetylati on-

dependent prot easomal degradation. In addit ion, there is a direct correlation between 

decreased SIRT1 levels and decreased HSF1 levels during neur onal dif ferentiati on, 

supporting a role for  SIRT1 in the regulati on of HSF1 abundance129,130. Increased 

expression of HDAC1 in aging cells may contr ibute to inhibitio n of HSF1 activi ty by 

virtu e of delivery of the GCN5 acetylase, with  the involvement of the p23 co-

chaperone131,132. 

1.3.3.5 Post-translation modifica tions of  HSF11   

HSF1 is highl y post-translationally  modified  during  normal cell growth  and 

stress conditions summarized in Table 155. Known modifi cations include 

phosphorylation, acetylation , and sumoylation and  are thought to in fluence essentially 

every step of the HSF1 activatio n-attenuation  cycle. 

1.3.4.5.1 Phosphorylation1 

HSF1 is subjected to a plethora of phosphoryl ation events that modulate HSF1 in 

many ways. For many years, HSF1 hyper-phosphorylation mediate d by various kinases 

has been used as a surrogate for its activation during t hermal stress, but a compre-

hensive mutagenesis study revealed that there is no clear requirement for heat stress-

induced ph osphorylation in target gene activation 133. However, these phosphorylation 
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events seem to regulate HSF1 activity and stabili ty  under normo -temperature condit ions 

and in different disease states. Interestingly, the same residues can be phosphorylated 

by distinct protein kinase s in di fferent contexts. For exampl e, Ser303 and Ser307 can be 

phosphorylated by glycogen syntha se kinase 3 beÛÈɯȹ&2*ƗϕȺȮɯÊasein kinase 2 (CK2), and 

the mitogen-activated protein (MAP) ki nases MEK1 and ERK1, and these 

phosphorylation events promote HSF1 d egradation and attenuate HSF1 activ ity  37,54,125,134-

139 (Table 1). In canÊÌÙɯÊÌÓÓÚȮɯÐÕÏÐÉÐÛÐÖÕɯÖÍɯ&2*ƗϕɯËÌÊÙÌÈÚÌÚɯ2ÌÙƗƔƗɯÈÕËɯ2ÌÙƗƔƛɯ

phosphorylation, resulting in increased HS F1 protein levels37,125. How ever, in 

Hunti ngton disease, these residues are preferentially phosphor ylated by CK2, which 

drives HSF1 inactivation and degradation 37,125. This phosphory lation -regulated 

degradation of HSF1 seems to be mediated by its ubiquitylat ion in melanoma and in 

neurons affected by Huntington d isease. Phosphorylated HSF1 is a substrate for FBXW7, 

a component of the E3 ubiquitin ligase complex, and its depletion dampens HSF1 

ubiquitylation and increases total HSF1 protein lev els37,125.  

HSF1 phosphorylation is also strongly link ed to metabolism. For example, 

ƙѻ-AMP -activated protein kinase (AMPK), which plays a crucial pa rt  in cellular energy 

metabolism, directly inactivates HSF1 in both metabolic stress and under the unique 

metabolic conditions of cancer140,141. 

1.3.4.5.2 Acetylation1 

Recent discoveries have shown  that reversible, site-specific acetylation 

modulates HSF1 DNA-binding  persistence and/or protein stability, which has been 
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confirmed by structural s tudies69,116,117 . In the absence of stress, HSF1 steady-state levels 

are controlled by the histone acetyltransferase p300 via acetylation  of Lys 208 and Lys 

ƖƝƜɯȹÈÚɯËÐÚÊÜÚÚÌËɯÐÕɯɁ#ÌÎÙÈËÈÛÐÖÕɂȺȮɯwhich prevents its proteasomal degradation , 

promoting HS F1 stability 69,116,117. As discussed in Ɂ ÛÛÌnuationɂȮ p300 also mediates 

acetylation of Lys 80 of HSF1, which  inhibits the ability of HSF1 to directly interact with 

the DNA phos phate backbone, thereby inhibiting th e binding of HSF1 to DNA 49,69,116,117. 

These effects can be counteracted by the NAD -dependent protein d eacetyl ase sirtuin 1 

(SIRT1), which deacetylates HSF144,117. Silencing of p300 in HeLa cells results in redu ced 

HSF1 protein levels and activity  owing to incr eased proteasomal degradation 116. 

Similarly, during cel l differentiation, ag ing and in neurodegeneration, HSF1 

activity is atten uated, contributin g to increased stress susceptibi lity , exacerbated protein 

misfoldin g and aggregation, and cell death. An age-related decline in stress response 

pathways has been widely documented and correlates with decreased HSF1 levels. For 

example, older mice have reduced HSF1 protein levels in heart and muscle compared 

wi th young mice, without chang es in HSF1 mRNA levels128. Interestingly, p300 activity 

is attenuated in aging mice, which could contrib ute to HSF1 depletion142. Altho ugh the 

mechanism underlying decreased HSF1 levels in ageing is unknown, it has been sug-

gested that decreased SIRT1 protein levels contribute to decr eased HSF1 abundance, 

perhaps result ing in increased Lys 80 acetylation-dependent proteasomal degradation. 

Indeed, decreased SIRT1 levels during neuronal differentiation result in decreased HSF1 
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target gene expression129,130 . Conversely, increased expression of HDAC1 in aging cells 

contributes  to inhibition of HSF1 acti vity by recrui ting the histone acetyltransferase 

GCN5, with the involvement of the p23 co -chaperone131,132. 

1.3.4.5.3 Sumoylation1 

Several sites of Small  Ubiquitin -like modifie r addition  (Sumoylation ) have also 

been identified for HSF1, though besides sumoylat ion of Lys 298, the functional ity of 

these sumoylation events remains largely un explored 143. In response to heat shock, HSF1 

is sumoylated on Lys 298 in a phosphorylat ion dependent manner (Ser 303-P), reducing 

HSF1 transactivation  capacity143.  
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Table 1: Post-translati onal modifi cations of  HSF11:Arrows ind icate stress 

and/or pathological conditions in which  of listed modific ations are alteredȭɯȿɬɀɯindicates 

that the function of this PTM is unknown  or has not yet been assessed. Abbreviations d.

PTM  Enzyme Effect  
Physiological 

context 
Ref 

Phosphorylation  

Ser121 
MK2, 

AMPK  

HSP90 binding and 

Repression 

Cancer (Ź), 

Metaboli c stress (ŷ) 54,135,140 

Ser127 - -  136 

Thr142 CK2 
DNA binding 

activation  
Heat Shock (ŷ) 

139 

Ser195 - 

LZ1-3 and LZ4 

dissociation and 

transactivation  

Heat Shock (ŷ) 

144 

Ser216 Plk1 
Protein degradation, 

mit otic progression 
Mitosis (ŷ) 

121 

Ser230 CaMKII  Activation  Heat Shock (ŷ) 54,145 

Ser292 - -  54,133 

Ser303 

GSK3ϕ, 

ERK1, 

MEK1, 

CK2 

Attenuation and 

Degradation 
Cancer (Ź), HD (ŷ) 

37,54,125,136-

138 

Ser307 

GSK3ϕ, 

ERK1, 

MEK1, 

CK2 

Attenuation and 

Degradation 
Cancer (Ź), HD (ŷ) 

37,54,135,136 

Ser314 - - Cancer (Ź) 54,135 

Ser319 - - - 54 

Ser320 PKAcϔ Activation  Heat Shock (ŷ) 146 

Thr323 - Repression Heat Shock (ŷ) 135 

Ser326 

mTOR, 

ERK1/2, 

MEK1 

Activation  
Heat Shock (ŷ), 

Cancer (Ź) 

54,147,148 

Ser333 PKCϛ 
HSP90 dissociation and 

Activation  
Cancer (ŷ) 

149 

Ser344 - -  54,136,139 

 

d Table Abbreviations: A MPK, AMP-activated pro tein kinase (PK); CaMKII, calci um/calmodulin -dependent 

PK type II ; CK2, casein kinase 2; ERK1, extracellular signal -regulated kinasÌȰɯ&2*ƗϕȮ glycogen synthase 

ÒÐÕÈÚÌɯƗϕȰɯ'# "ȮɯÏÐÚÛone deacetylase; JNK, JUN N -terminal  kin ase; MEK1, mitogen-activated protein  

kinase kinase 1; MK2, MAP kina se-activated protein kinase 2; mTOR, mechanistic target of rapamycin; 

/* ÊϔȮɯÊ ,/-dependent PK catalytic subunit; PKC, PKC; PLK1, polo-like kinase 1; SIRT1, NAD-

dependent protein deacetylase sirtuin  
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Ser363 

PKCϔ, 

/*"ϙȮɯ

JNK  

Repression  Heat Shock (Ź) 

54 

Thr367 - Repression Cancer (Ź) 135 

Ser419 Plk1 
Nuclear localization 

and activati on 
Heat Shock (Ź) 

54 

Ser444 - -  54 

Acetylation  

Lys80 

GCN5, 

p300 
Inhibition, DNA 

binding dissociat ion 

 

  

Heat Shock (Ź) 

 

  

117,131,132  SIRT1, 

HDAC7, 

HDAC9  

Lys116 - -  117 

Lys118 p300 Inhibition  Heat Shock (ŷ) 116,117 

Lys126, 

Lys148 
- -  

117 

Lys157, 

Lys188 
- -  

81,117 

Lys208 p300 Protein stabilization  Basal conditions (ŷ) 116,117 

Lys224 - -  117 

Lys298 p300 Protein stabilization  Basal conditions (ŷ) 116,117 

Lys524 - Heat shock response Heat Shock (ŷ) 116 

Sumoylation  

Lys69,Lys91 

- -   

143 

Lys116,Lys118 

Lys126,Lys131 

Lys139,Lys148 

Lys157,Lys162 

Lys184,Lys208 

Lys298 Ubc9 Repression Heat Shock (Ź) 137,143 

Lys372 - -   143 

1.3.4 Diver se protein regulators o f HSF1 

Through out its regulatory cycle, shown in Figure 5, HSF1 is subjected to many 

known regulatory protein  interactions. For instance, HSF1 oligomerization is infl uenced 

by it s interaction with the multichaperone complex containing Hsp70, Hsp90, and TRiC 

(described previously ). The extent to which Hsp90 and Hsp70 interact with HSF1 has 
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been the subject of some debate; multiple  groups have reported HSF1 interacts wit h 

Hsp70 via BAG3150-152. BAG3, Bcl2-associated athanogene, is a co-chaperone and has 

been shown to augment HSF1 nuclear localization  in response to elevated 

temperature152. 

A lthough the mechanism of HSF1 nuclear import  is incompletely understood, it 

does involve the interaction of HSF1 with import in-ϔ/ϕ112. Once in the nucleus, HSF1 

interacts with myriad chromatin remode ling enzymes and co-activators and repressors, 

which alter DN A and nucleosome topology  and subsequent transcription factor binding , 

and stimul ate or suppress transcriptio n99.  

At the Hsp70 locus for instance, HSF1 interacts with several other protei ns in the 

presence or absence of cellular stress. In unstressed conditions, HSF1 interacts with 

single-stranded bindi ng protein Replication Protein  through the HSF1 wing domain , thi s 

interaction increases nucleosome accessibility and helps to recruit the histone chaperone 

FACT (Facil itates Chromatin Transcription) 94, and BRG1, the ATPase subunit of the 

SWI/SNF chromatin remo deling complex (Figure 3)81-83. The activation or suppression of 

Hsp70 transcription  can be tuned by HSF1 interacting wit h activating transcription  

factor (ATF1) in complex with other pro teins; ATF1-BRG1 promotes active transcription , 

whereas ATF1-p300 acetyl transferase attenuates it , likely through inhibi tory  acetylation 

of HSF1 (Table 1)85. CoREST, a co-repressor, is found at the Hsp70 locus after heat shock 

and attenuates HSF1-mediated transcription 115. Disrupt ing the interaction of HSF1 with 
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these proteins alters the HSF1-mediated stress-responsive Hsp70 transcriptio n and 

attenuation , highlight ing the complexity of HSF1 regulation  via protein 

interactions81,85,94. How these protein int eractions affect HSF1 transcription more b roadly 

and what other co-activators and co-repressors are involved remains to be determined . 

Other protein interactions have expanded the cellular functions  of HSF1. For 

instance, the interaction of HSF1 via the N-termin us (DBD and LZ1-3) with Ku proteins 

provides a role for HSF1 in non-homologou s end joining DNA re pair (NHEJ)153. HSF1 

interacts directly wi th both Ku70 and Ku86, disrupting the Ku70 -Ku86 interaction, 

ind ucing defective NHE J repair and increasing genome instability 153, whi ch may be 

another possible role of hyperactive HSF1 in cancer cells. Similar ly, the interaction of 

HSF1 with P oly AD P-ribose polymerase 1 (PARP1) and PARP13 revealed the 

involvement of HSF1 more broadly in the DN A damage response154.  

In addit ion to the protein inter actions of HSF1 wit h known function, several 

HSF1 protein interactions have been identi fied but their functionality  is unexplored. 

These include several RNA processing proteins, like pre-mRNA processing factor 8 and 

RNA binding moti f protei n 28; cellular structure proteins  like  Nestin, an intermediate 

filamen t protein; and other transcripti on factors, such as mitochondrial  Transcription 

Factor A 94. 

The diversity of the  HSF1 interactions, both explored and unexplored,  highlight s 

the potential for HSF1 regulation by many fa ctors. Some of these protein-protein 
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interactions are maintained across other HSF family member s and others are unique for 

specific HSFs. Understanding how these interactions affect HSF1 function coul d provide 

valuable insight into how HSFs are differentia lly r egulated despite their high ly similar 

structure and DNA binding p references1,21,47. 

1.4 HSF1 dysregulation in disease 

1.4.1 HSF1 in neurodegenerativ e disease1 

Accumulating repor ts suggest that HSF1 protein levels are reduced in 

neurodegenerative disease35,37,155,156 includ ing Hunt ingtonɀs Disease, spinal and bulbar 

muscular atroph y (SBMA), Parkinsonɀs Disease, and Amyotrophic  lateral sclerosis 

(ALS), among others155,157. Impaired HSF1 activation does not cause neurodegenerative 

disease, but it does seem to exacerbate protein misfolding and aggregation, at least in 

part by decreasing chaperone expression, thereby contributing to de creased protein 

quality control, ne uronal dysfunction, neuronal cell death and disease progression. 

Studies in cell cultur e, fruit fly , worm and mouse mod els of neurodegenerative disease 

clearly demonstrate that enhancing protein-folding capacity and pro -surv ival functions 

via elevated expression of HSF1, as well as chaperone proteins and other HSF1 targets, 

has therapeutic potential 43.  

Similar to what has been observed in neurons fro m older animals44,129, the 

expression of several HSF1 target genes encoding protein chaperones and anti-apoptotic 

proteins is decreased in polyQ diseases, thus exacerbating the progression of protein  
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misfolding and  neurodegeneration33-36. Selective neuronal death is a crucial feature of 

neurodegenerative disease; therefore, the elucidation of the mechanisms that underlie 

the cell-specific defects in HSF1 activity may lead to better therapeutic interventi ons.  

1.4.1.1 HSF1 alterations in Hunti ngtonɀs Disease1 

As discussed previously, overexpression of individual protein  chaperones has 

beneficial effects in protein-misfolding d isease models, including HD,  by enhancing the 

refolding and solubiliz ation of pathogenic polyQ prote ins158-160. However, given that 

multiple individual cha perones work in obligatory molecular co mplexes5, coordinated 

activation of mu ltiple chaperones via increased HSF1 activity or stabilit y could lead to a 

more profou nd impact on the amelioration of protein aggregation in Hun tington disease 

43. Consistent wi th the role of HSF1 in activating expression of protein chaperones and 

stress-protective pathways, Hsf1-/- in a HD  mouse model led to increased pathogenic 

(mH tt) aggregation and a shortened lifespan, whereas expression of a constitut ively 

active form of  HSF1 alleviated mHTT aggregation and prolonged lifespan 161.  

Genome-wide HSF1 chromatin immunoprecipitation  and sequencing analysis in 

striatum cells from wi ld -typ e mice and HD model mice revealed that expression of mH tt  

dramati cally alters HSF1 binding98. In heat shocked HD model cells, HSF1 binding to 

target prom oters was reduced by ~40% compared w ith control cells 98. Intriguing ly, 

genes related to cytoskeletal organization, focal adhesions and the activit y of GTPases 

were the most affected, whereas HSF1 binding to chaperone genes was not substantially  
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altered despite substantial evidence for decreased chaperone expression in HD . This 

finding cou ld  be explained by the fact that HSF1 can bind target HSE-containi ng 

promo ters without ind ucing transcrip tion77. This suggests that HSF1 is regulated by 

multiple inhibitor y mechanisms in HD. 

In Huntington disease, the dysregulation of H SF1 arises, in part, due to aberrant 

degradation, described in detail Chapter 2. This invol ves the phosphorylation of Ser 303 

and Ser 307 by "*Ɩϔѻ, allowing for interaction w ith E3 ligase FBXW7 and subsequent 

proteasomal degradation, where levels of both C*Ɩϔѻ and FBXW7 are dramatically 

elevated in HD 37. Imp ortantly, pharmacological or genetic inhibition of  either "*Ɩϔѻ or 

FBXW7 rescued HSF1 protein levels and activity, resulting in decreased Htt aggregati on 

and cellular dysfunction.  

Pharmacological activation of HSF1 has therapeutic potential in Huntington 

disease, though HSF1 activati on by way of HSP90 inhibition conferred only transien t 

benefits in a mouse model34. Hsp90 inhibitors activate HSF1, reportedly by disputing  the 

repressive interaction between Hsp90 and HSF1; this mechanism of HSF1 activation is 

confounded by the protein misfolding c aused by inhibitio n Hsp90 client refolding, 

which also leads to HSF1 activation .  

The regulation of HSF1 mediated gene targets, both activation and repression, 

are of great interest in neurodegenerative disease. In neurodegenerative diseases, 

diminished levels of some HSF1 result in decreased HSF1 activation targets, like protein 
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chaperones, and increased levels of HSF1 repression targets like Tau. Tau is a highly 

aggregation-prone protein found in the brain of patients with tauopathies like 

Alzh eimerɀs Disease and Hun tingtonɀs Disease162. A better understanding of HS F1-

mediated gene repression may offer new insights for therap eutic intervention in HD . 

1.4.2 Non -oncogene addicti on to HSF1 in cancer1 

The importance of HSF1 in cancer has been revealed by Hsf1-knockout mice, 

which h ave a decreased propensity to form tumo rs driven  by oncogenic RAS, loss of 

p53, or chemical carcinogens118,163,164,124,141,164. One clear role that HSF1 has in cancer is to 

promot e adaptation and survival in the  rapidly -changing  and stressful conditions 

encountered by cancer cells includin g hypoxia, acidosis and alterations in nutrient 

availability , and by support ing elevated biosynthetic demands of cancer cells 118. In a 

diverse array of cancers, elevated HSF1 abundance and nuclear localization strongly 

correlate with poo r progno sis, increased metastatic potential, and resistance to 

therapy45,165. Overall, cancer cells exploit the prot ective roles of HSF1 to drive a cancer-

specific gene signature that is support ive of cell survival 45. Cancer cells are described as 

haviÕÎɯÈɯȿÕÖÕ-ÖÕÊÖÎÌÕÌɀɯÈËËÐÊÛÐÖÕɯÛÖɯ'2%ƕ, meaning that these cells are more highly 

dependent on HSF1 function than are normal cells. However, it is import ant to note that 

increased levels of active HSF1 per se do not cause cancer initiation166. This section 

review s the unique gene signatures that HSF1 regulates in cancer cells and surrounding 

stromal cells and various mechanisms cancer cells use to modulate HSF1 activity.   
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1.4.2.1 Protein chaperones in cancer1 

Because key cancer-related proteins such as p53, AKT, RAF1, BCRɬABL1 fusion, 

cyclin-dependent kinase 4 (CDK4), Cyclin D, ERBB2, hormone receptors and hypoxia -

induc ible factor ƕϔɯȹ'(%ƕϔȺɯÈÙÌɯhighly dependent on chaperones for their activity and 

stability, it is not surprising that changes in HSF1 have an impact on oncoprotein 

abundance and function165. In addition to promoting the activity of oncoproteins, 

chaperones also drive cancer-specific signaling  pathways to  facilitate  oncogenesis and 

inhibit apoptosis  45. For example, HSP70 prevents stress-induced apoptosis through the 

JUN N-terminal kinase (JNK)-stress-activated protein kinase pathway, and HSP90 

inhibits apoptosis through AKT, tumo r necrosis factor receptors, and the function of 

nuclear factor-ϝ!ɯ(NF-ϝ!Ⱥ167. In addition, chaperones buffer the folding of proteins 

destabilized by mutations, which are more frequent in cancer cells owing to their 

genomic instability 165,167. The role of HSF1 in regulating a cancer gene expression 

signature is clear, and it is well established that HSF1 drives oncogenesis in many ways 

beyond inducing the expression of chaperone proteins. 

1.4.2.2 Roles of HSF1 in cancer beyond protein chaperones: cancer-specific HSF1 gene 

signature 1 

HSF1 binds to and regulates a constellation of genes in cancer that is distinct  

from heat shock including target genes regulated by both activation and r epression45. 

HSF1 coordinates the activation of genes that support  the init iation and maintenance of 

cancer cells through changes in processes including metabolism, protein translation, cell 
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cycle control, signal ing and proliferation 168. HSF1 negativ ely regulates targets related to 

apoptosis, including those encoding microtubule -associated protein tau (MAPT) and the 

apoptosis regulator BAX 45. In addi tion, chromatin immunopre cipitation f ollowed by 

deep sequencing experiments revealed that the constellation of gene targets that are 

bound and regulated by H SF1 is quite unique in cancer ɭ a staggering 60% of the genes 

bound in cancer cell lines were not bound in non -transformed cell lines, even under heat 

shock condit ions45.  

Other studies have also demonstrated the varied roles of HSF1 in cancer. For 

example, in mammary carcinogenesis, HSF1 increases the levels of Hu-antigen R (HuR; 

also known as ELAVL 1), an RNA -binding protein that st abilizes mRNAs to promote 

ÛÙÈÕÚÓÈÛÐÖÕȭɯ'Ü1ɯÛÈÙÎÌÛÚɯÐÕÊÓÜËÌɯÔ1- ÚɯÌÕÊÖËÐÕÎɯϕ-ÊÈÛÌÕÐÕȮɯ'(%ƕϔȮɯ"àÊÓÐÕɯ# and HSF1 

itself, which results in a positive regulatory feedback loop 169,170. TÙÈÕÚÓÈÛÐÖÕɯÖÍɯϕ-catenin, 

a transcrip tion factor that stimul ates proliferation, differentiation, migration, 

angiogenesis and survival, is further increased by the ability of HSF1 to suppress the 

synthesis of lincRNA -p21ȮɯÞÏÐÊÏɯÕÌÎÈÛÐÝÌÓàɯÙÌÎÜÓÈÛÌÚɯϕ-catenin translation 169.  

Studies have also highlighted the link between HSF1 and translational capacity, 

as depletion  of HSF1 resulted in decreased levels of the ribosomal large subunit proteins 

RPL13 and RPL17, whereas hyperactive HSF1 increased the basal levels of these 

proteins147. HSF1 also activates translation by derepressing a major regulator of cellular 

growth, mechanistic target of rapamycin complex 1 (mTORC1). This de-repression 
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occurs through HSF1-mediated suppression of JNK, whic h normally  inh ibits 

mTORC1171.  

A distinct re programming of HSF1 target genes is also observed in cells that 

surround cancer cells, called stromal cells, which are non-mali gnant and genetically 

stable but support  cancer cell mal ignancy46. Stromal cells include imm une cells, endothe-

lial cells and fibroblasts, which comprise the tum or microenviron ment and are essential 

for tumor  formation and progression46. The most abundant strom al cells are cancer-

associated fibroblasts (CAFs). HSF1 is activated to driv e a CAF transcription program  

that is complementary to but distinct from that observed in cancer cells 45,46. For example, 

HSF1 in CAFs drives the expression of transforming  growt h factor-ϕɯÈÕËɯÐÛÚɯÊÖÎnate 

receptors, as well as of stromal cell-derived factor 1 (SDF1; also known as CXCL12), 

leading to the secretion of proteins that enhance the surviv al and prolif eration of cancer 

cells in a non-cell-autonomous manner. Furtherm ore, high levels of nuclear, activated 

HSF1 found in the stroma correlate with higher tumo r grades, reduced overall survival 

and poorer patient out comes. Activated HSF1 in stromal cells may even be more 

predictiv e of patient survival  than HSF1 levels in the tumor itself, indicating the crucial 

importance of stromal HSF1 activation in cancer progression45,46.  

Taken together, HSF1 controls uniqu e transcript ion programs in mali gnant cells, 

the stroma and heat shocked cells, highlig hting the distinct regulation  and function of 

HSF1 in different cellular  environment s. 
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1.4.2.3 Mechanisms of HSF1 dysregulation in c ancer1 

High HSF1 levels correlate with  poor prognosis, though th e mechanism by 

which cancer cells elevate HSF1 levels may vary165. For example, increased HSF1 activi ty 

and protein levels  are observed in ErbB2-over-expressing cancers in which HSF1 

translation is increased172. An other mechanism cancer cell s use to increase HSF1 levels is 

by preventing its degradation throu gh either reduced expression or mutagenesis of 

Fbxw7, an E3 ligase F box protein involved in HSF1 degradation 125. In melanoma 

decreased Fbxw7 resul ts in high  HSF1 protein levels and activity , thereby drivi ng a 

cancer gene signature125. 

Cancer cells also alter HSF1 activity via alterations in  post-translational 

modi fications. For example, HSF1 is activated by MEK-mediated Ser326 

phosphory lation  (Table 1)147. It has been shown that MEK, the upstream a ctivator of 

ERK, forms a ternary complex wit h ERK and HSF1 in which ERK phosphoryl ates and 

inhib its MEK, resulting i n decreased phosphorylation of HSF1 at Ser326, ultima tely 

inactivating HSF1 and sensitizing cells to proteotoxic stress. Accordingly, MEK bl ockade 

decreased HSF1 Ser 326 phosphoryl ation and induced proteotoxic stress in cancer cell 

lines, whereas ERK blockade increased this phosphorylation and prevent ed the 

formation of toxic amyloids 147. In tumors driven by  the loss of the tumor suppr essor 

protein neu rofib romin (NF1), MEK is over-active, resulting in constitutively active 

HSF1. Such high HSF1 protein levels and activity promote cell surviv al and furt her 
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increase MAPK signaling , which supports cancer growth a nd prol iferation166. Given that 

~30% of human cancers contain mutations that d eregulate MAPK signal ing, this 

pathway seems to have an important role in activating HSF1 in cancer cells, preventi ng 

amyloidogenesis and subsequent apoptosis165. 

1.4.3 Juxtaposition of HSF1 regulation in c ancer and neurodegenerative  

disease  

Dysregulation of HSF1 is a promin ent feature of both cancer and 

neurodegenerative diseases, lik e HD. In cancer cells, HSF1 protein levels, nuclear 

localization, and activ ity are increased and promote cancer cell survival . On the other 

hand, increased HSF1 degradation and other unknown cha nges result in compromised 

HSF1 activity, ult imately exacerbating protein misfoldi ng and contributing to cell death 

(Figure 6-Figur e 7). 

 

Figure 6: HSF1 dysregulati on cancer and neurodegenerati ve disease1In cancer 

cells, HSF1 is increased and driv es a cancer-specific gene signature that supports cancer 

cell growth an d survival. A fter establishment, tumors recruit and reprogram  cancer-
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associated fibroblasts (CAFs) from the surrounding s trom al ti ssue, resulti ng in 

activation of pathway s in CAFs that enhance cancer proliferation, metastasis and 

angiogenesis46. The stromal-specific HSF1-dependent gene signature, which i s distinct 

from that of cancer, heat shocked, and healthy cells, includ es transcript ion of 

transformi ng growth  factor-ϕ (TGFϕȺɯand stromal cell-derived factor 1 (SDF1), leading to 

the secretion of cancer-supportive soluble proteins. By contrast, in neurodegenerative 

diseases such as Huntington disease, HSF1 is abnormally degr aded (see Chapter 2)37, its 

promoter occupancy is altered98, and disruption  of HSF1 target genes that that are 

crucial for  stri atal neuronal function 98,134. 

In both cancer and neurodegenerative diseases, HSF1 is differentially regulated  and 

post-translationally modif ied, and through activation and repression, controls  distinct 

gene signatures in both conditi ons45,46,98 (Figur e 7). 

 

Figur e 7: Di stinct  regulation , PTMs, and gene signature of  cancer and 

neurodegenerative disease1 HSF1 functions are distin ct in cancer and in 

neurodegenerative diseases (such as HD ) and contribute  to distinct gene expression 

signatures for each disease. Cancer: increased HSF1 levels are associated with inhi bition 

of apoptotic genes and activation of genes that drive processes supporting cancer cell 

metabolism, proli feration, translation and genomic instability 45,46,165. Two kn own 
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mechanisms for activat ion of HSF1 in cancers involve increased phosphory lation of 

HSF1 at Ser326 by MEK through oncogenic RAS signallin g147 and decreased activity of 

AMPK , which ultimately  lowers inhibitory Ser121 phosphor ylation 140. HD : HSF1 levels 

decrease, in part du e to abnormal degradation inv olving CK2ϔѻ and FBXW7, which are 

elevated in HD  (see Chapter 2)37. Impaired HSF1 alters the expression of genes with 

functions in  processes that are crucial for striatal neuronal function 98,134. 

This juxtaposition demonstrates the importance of und erstanding H SF1 regulation. In 

HD, activation of HSF1 is beneficial for ameliorat ing protein misfolding 37,43, while in 

cancer, inhibition  of HSF1 is a strategy for therapeutic interve ntion 45,46. Chapter 2 and 3 

of this thesis focus on HSF1 regulation i n acute and chronic stress while Chapter 4 

assesses a putative HSF1 inhibitory peptide. 
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2. Abno rmal de gradation of the stress-protective 

transcription factor HS F1 ÐÕɯ'ÜÕÛÐÕÎÛÖÕɀÚɯËÐÚÌÈÚÌ  

This wor k was originally pu blished in Nature Communications and was completed in 

concert with Dr. Rocio Gomez-Pastor and other listed collaborators37. Rocio exclusively 

conducted all of the mouse work, C. elegans work, and neurobiological assays included 

in this paper . I was involved with many of th e cell-based experiments, led the 

experiments with purified proteins  and subsequent phospho-proteomi cs, and was 

inv olved in manuscrip t preparation and revisions. As indicated with a reference in the 

subheading, some excerpts from thi s publication  are inclu ded wi th some slight 

adaptations in the following  Chapter. 

2.1 Introduction 37 

As previously  discussed, Huntington' s Disease (HD) is a genetically encoded 

autosomal dominant  neurodegenerative disease caused by a poly -glut amine (Q) 

expansion (CAG trinucleotide repeat) within exon 1 of the Hunti ngtin (HT T) gene173 

(Section 1.2.2). The encoded Htt-poly Q protein is expressed in almost all cells, which 

leads to defects in transcription , autophagy,  mitochon drial function, signaling and 

apoptosis27,29. Alt hough HD pref erentially  affects neuronal function and the survival  of 

striatal and cortical neurons, defects are observed in perip heral t issues in mouse models 

and in patients that include skeletal muscle wasting and cardiac atrophy, perhaps 

reflecting tox icity and apoptosis due to the ubiqui tous expression of Htt -polyQ 174. 
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The presence of a pathogenic polyQ expansion causes Htt to misfold and 

aggregate, drivin g inappropr iate interactions with transcr ipti on factors, signalling an d 

cell integri ty protei ns and other key cellular regulatory f actors in both  the cytosol and 

nucleus28. The protein quality contr ol machinery, including chaperones, the ubiquitin 

proteasome, autophagy and other factors play crit ical roles in the folding, traffick ing, 

modification  and degradati on of both newly  synthesized and misfolded pr oteins in 

disease18,175. Accordin gly, increased expression of chaperones such as Hsp104, Hsp70, 

Hsp40 and Hsp27, or critical components in the autophagy pathway, ameliorates protein 

aggregation and cell death in cellular, fly, wo rm and mouse polyQ expansion disease 

models39,40,176,177. As chaperones funct ion in  obligate hetero-multimeri c complexes, the 

coordinate expression of di stinct chaperones synergi ze in the amelior ation of polyQ 

protein aggregation and cellular s tress protection in p olyQ-expansion models38. 

Heat shock transcrip tion  factor 1 (HSF1) is a stress-responsive transcription 

factor that protects cells from prote in misfolding, aggregation and apoptosis21 by 

expressing genes involved in p rotein quali ty control , stress adaptation and cell 

surviv al22. HSF1 is activated in response to elevated temperature, oxidant exposure, 

metals and other conditions that cause protein misfolding 21,44. Under normal cell growt h 

conditions, H SF1 is present as an inactive monomer repressed by Hsp40, Hsp70, Hsp90 

and TRiC105, protein chaperones involved i n the foldin g and maturatio n of hundreds of 

cellular client pr oteins108,178,179. In response to proteotoxic stress HSF1 assembles as a 
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multi mer, binds heat shock elements in target gene promoters and activates expression 

of stress-protective genes179. HSF1 undergoes many post-translational mod ifications 

inclu ding  both basal and stress-induced phosphorylation, sumoylation, ubiquiti nylation 

and acetylation that m ediate repressive or activating regulatory roles44,116,180.  

Consistent w ith HSF1 activat ing pr otein folding and stress-protective pathways , 

HSF1ǸɤǸ mice in the context of an R6/2 HD model show increased brain Htt aggregation 

and a shortened lifespan181, while expression of a constitutively active form of HSF1 

inhibited Htt -polyQ aggregation and prolonged li fespan161. Mor eover, a heterozygous 

HSF1 mouse model of spinal and bulbar muscular atrophy with  a pathogenic polyQ 

repeat in the androgen receptor (AR), exhibited increased AR-polyQ aggregates in 

neurons and non-neuronal tissues and enhanced neurodegeneration155,182. 

While th ere is strong evidence for beneficial effects of HSF1 in polyQ expansion 

models, HSF1 target gene expression is compromised in the presence of disease-

associated polyQ-expansion pr oteins33-35,98. Pharmacological activatio n of HSF1 with a 

bloodɬbrain barr ier-penetrant Hsp90 inhibitor increased  HSF1 target gene expression 

and was initially effective in disease amelio ration34. However, thi s beneficial effect was 

observed only at early stages and was proposed to be due to the inability of HSF1 to 

bind target genes in the altered chromatin environm ent found in the R6/2 mouse model. 

Other reports suggest that HSF1 protein levels may affect the expression of the protein 

folding machinery components in HD models 35,156. Given the therapeutic potential for 
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HSF1 activation in protein misfolding disease183-185, it  is impor tant to clarify our 

understanding of the mechanisms by which HSF1 activation is defective in HD.  

Here we demonstrate that HSF1 protein levels are strongly decreased in HD 

models, in differ entiated human indu cible pluri potent stem cell s and in HD  patient 

striatum a nd cortex, wi th a concomitant defect in target gene expression. This defect is 

due to inappropriate degradation of HSF1 via phosphorylation -stimulated ubiquitin -

dependent degradation induced by abnormall y high levels of the casein kinase 2ϔɯ

ȹ"*ƖϔȺ-×ÙÐÔÌɯȹ"*ƖϔɛȺɯÒÐÕÈÚÌɯand the FBXW7 $ƗɯÓÐÎÈÚÌȭɯ#ÐÔÐÕÜÛÐÖÕɯÖÍɯ"*ƖϔɛɯÌß×ÙÌÚÚÐÖÕɯ

in the zQKI175 mouse HD model restores HSF1 levels and activity and prevents mutant 

Htt aggregation, striatal excitatory synapse loss and cachexia. These studies elucidate a 

critical molecular mechanism for inappropriate degradation of the protein misfolding 

stress-protective transcription factor HSF1 and suggests a novel therapeutic target 

ȹ"*ƖϔɛȺɯÛÏÈÛɯÐÚɯ×ÖÛÌÕÛÐÈÓÓàɯÈÔÌÕÈÉle to pharmacological int ervention for the treatment of 

HD.  

2.2 Decreased HSF1 levels correlate with elevated levels of HSF1-P-

S303/30737 

To explore whether the defect in HSF1 activation lies in changes in HSF1 

abundance in the presence of misfolded polyQ-Htt, we comp ared HSF1 protein levels, 

target promoter occupancy and gene expression in PC12 cells w ith  Tetracycline 

inducible cassettes expressing human Htt exon 1 with non-pathogenic Q repeats (Htt -
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Q23-green fluorescent protein (GFP)) versus pathogenic repeats (Htt-Q74-GFP). We 

performed these studies under contrÖÓɯȹƗƛɷȘ"ȺɯÈÕËɯÏÌÈÛɯÚhock condit ions (42ɷȘ"), 

allowing us to both analyze the defect in HSF1 under polyQ protein expressing 

conditio ns and explore the expression of inducible HSF1 target genes (Figure 8a). The 

HSF1 targets Hsp70, Hsp25, Hspb5 and Bag3 are strongly expressed in response to heat 

shock activation in Htt -Q23 cells and in Htt-Q74 cells in the absence of tetracycline 

ȹǸ#ox), while Htt -Q74-expressing cells (+Dox) showed a strong decrease in their 

expression in response to heat shock (Figure 8b; Supplementary Figure 17A,B). We also 

analyzed Hsp70 and Hsp25 transcript levels over time after heat shock in Htt -Q74 cells 

(Figure 8c). The decrease in HSF1 target gene expression in Ht t-Q74-expressing cells 

(Figure 8b and Supplementary Figure 17A) correlated wit h decreased Hsp70 and Hsp25 

messenger RNA (mRNA) levels (Figure 8c) and a parallel reduction in  HSF1 occupancy 

of the Hsp70 promoter (Figure 8d). A similar defect in HSF1 activat ion was observed in 

response to azetidine 2-carboxylic acid, a proline analogue that causes protein 

misfolding and HSF1 activation ( Supplementary Figure 17C). These results demonstrate 

a clear defect in HSF1 DNA binding  and target gene activation under pr otein misfolding 

stress conditions in Htt -Q74 cells, but not Ht t-Q23 cells. 

A reduction in HSF1 protein levels in Htt -Q74-expressing cells was observed 

under control conditions that was ex acerbated in response to proteotoxic heat shock 

conditions (Figure 8b). A similar reduction was observed using whole -cell extracts 
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prepared with  urea or acetone precipitation, ruling out the possibility of HSF1 

partitioning into the insoluble fraction (Sup plementary Figure 17D,E). However, no 

significant changes in HSF1 mRNA were observed (Supplementary Figure 17F). This 

reduction in H SF1 levels was accompanied by increased HSF1 phosphorylation at 

Ser303 and Ser307, located within the central regulatory domain 137,139,186. Induction of 

Htt -Q74 expression greatly elevated S303/307 phosphorylation, further enhanced in 

response to heat shock (Figure 8b), and occurred in a time-dependent fashion 

(Supplementary Figure 17G). These same changes were observed in the striatal neuron-

derived cells from STHdh Q111/Q111 knock-in mice when compared w ith the non-

pathogenic STHdh Q7/Q7 cells (Figure 8e). A spinal and bulbar muscular atrophy P C12 cell 

model (AR-Q112), also showed decreased HSF1 and Hsp25/Hsp70 expression levels and 

increased HSF1-S303 phosphorylation compared with non -pathogenic cells (AR-Q10; 

(Supplementary Figure 17H)). Together, distinct cellular models of pathogenic polyQ-

expansion protein misfolding disease show defective HSF1 activation, increased HSF1 

S303/307 phosphorylation and decreased HSF1 protein levels. 

To ascertain if these observations made in cellular models of HD  are found in 

animal models of HD, HSF1 levels were evaluated in wild -type (WT) C57Bl/6 mice and 

in the zQ175 (herein KIQ175) heterozygous knock-in HD model. This mouse model 

exhibits striatal and cortical excitatory synaptic defects, abnormal gait and motor 

defects, loss of body weight, reduced levels of striatal marker genes and other defects 
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similar to huma n HD patients187,188. Although st riatal tissue from 2-month -old KI175 

mice showed little differen ce in the levels of HSF1 compared with wild -type littermates, 

a strong reduction in HSF1 levels was observed at both 6 and 12 months, as was a 

reduction in Hsp70 (Figure 8f). This correlates with the appearance of Htt-polyQ 

aggregates, increased HSF1 S303 phosphorylat ion in the striatum  (Figure 8g and 

Supplementary Figure 17I) and the age of onset of motor deficits in this HD model 187,188. 

Similar results were observed in the cortex and gastrocnemius muscle, where HSF1 and 

Hsp70 dramatically decreased at 6 and 12 months of age (Figure 8h and Supplementary 

Figure 17J). Interestingly, Hsp70 levels in the gastrocnemius muscle of KI175 HD mice 

also showed a strong diminu tion from that found in wild -type mice at 2 months, even 

before a strong reduction in HSF1 levels (Figure 8h). These results demonstrate that 

HSF1 levels are reduced in striatal and cortical tissues, and in skeletal muscle in the 

heterozygous KI175 HD model, even before the reported onset of motor or cognitive 

deficits187,188. 

To evaluate HSF1 levels in patients with HD, post-mortem age- and sex-matched 

HD and control  striatal and cortex samples were assessed using a total of 14 

independent striatal samples and 7 cortex samples (Figure 8i; Supplementary  Figure 

18AɬC,F,G and Supplementary Table 2). In 10 of 14 samples analyzed from the striatu m 

of HD patients, and 5 of 7 samples analyzed from the cortex, a strong reduction in  HSF1 

levels was evident. Moreover, HD protei n extracts displayed reduced HSF1 
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electrophor etic mobility , irrespective of residual protein levels and tissue sample source, 

and an increase in HSF1 S303 phosphorylation (Figure 8i). Accordingly, the levels of 

Hsp70 and Hsp25 were decreased in 7 out of 10 HD samples that exhibited decreased 

HSF1 relative to controls (Figure 8i; Supplementary Figure 18A,B,F), consistent with a 

previo us transcriptome analyses of human HD brain 36. 

To explore the role of S303 and S307 phosphorylation in HSF1 regulation in HD , 

HSF1 phosphoproteomics was performed in HSF1ǸɤǸ MEFs inducibly expressing human 

Htt -Q74 or Htt -Q23 and transfected with an HSF1 expression vector (Figure 8j and 

Supplementary Data 1). Out of 95 total serine and threonine residues present in HSF1, 

only four we re detected as phosphorylated in Htt -Q23 cells corresponding to S303, S314, 

T357 and S363. In Htt-Q74 cells HSF1 was phosphorylated at S303, S307 and S363, 

highlighting the increased occurrence of HSF1 S307 phosphorylation under pathogenic 

polyQ conditions . Although this a nalysis does not quantify the abundance of 

phosphorylation events, these and other results (Figure 8b,e,g,i and Supplementary 

Figure 17G) demonstrate that HSF1 S303 and S307 phosphorylation are specifically 

increased in the presence of a pathogenic polyQ protein in parallel with dec reased HSF1 

protein abundance and activity.  
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2.3 Pathogenic Htt -polyQ -dependent HSF1 degradation by the 

FBXW7 E3 ligase37 

HSF1 protein levels and Hsp70 expression are progressively reduced when Htt -

Q74 is expressed in PC12 cells over the course of 3 days (Figure 9a,b), with l ittle 

difference in the steady-state levels of HSF1 mRNA (Supplementary Figure 17F), 

correlating with increased HSF1-S303 phosphorylation (Figure 9a,b). We tested whether 

Htt -Q74 expression stimulates HSF1 degradation by evaluating HSF1 protein levels and 

activation in the presence of the proteasome inh ibitor MG132, which also results in the 

accumulation of misfolded proteins and activation  of HSF1. Cells not expressing Htt -

Q74 displayed robust activation of Hsp70 in the presence of either MG132, or the HSF1 

activator 17-AAG, which inhibits Hs p90 function (Figure 9c,d). In contrast, the same 

cells expressing Htt -Q74 were defective in Hsp70 expression when treated with 17-AAG 

and exhibited decreased HSF1 levels (Figure 9c). As an indication of HSF1 proteasomal 

degradation, both HSF1 levels and activity were preserved by co-incubation with 17-

AAG and MG132. Under the latter condition, HSF1 migrated through SDSɬ

polyacrylamide gel electrophoresis (PAGE) as multiple species (Figure 9c), suggestive of 

one or more HSF1 post-translational modifications . To test whether Ht t-Q74 induces 

ubiquitin -dependent proteasomal degradation of HSF1, PC12 cells were transfected with 

a plasmid expressing HA-tagged ubiquitin, induced to express Htt -Q74, treated with 

MG132, and cell extracts or HSF1 immuno -precipitates immunoblo tted (Figure 9d,e). 
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Both HSF1 protein levels and the HSF1-S303 phosphorylated species were increased in 

the presence of MG132 as a consequence of blocking the proteasome, and higher 

molecular weight HSF1-ubiquitylated forms were observed when Htt -Q74 was 

expressed in the presence of MG132, consistent with ubiquitin -proteasome-dependent 

degradation (Figure 9d,e). 

The SCF-FBW (Skp1-Cul1-F box) ubiquitin ligase complex p rotein FBXW7 

ubiquitinylates HSF1 in cancer cells in a S303/307 phosphorylation -dependent manner125. 

In melanoma cells, FBXW7 abundance is decreased, resulting in increased HSF1 protein 

levels. The analysis of mRNA levels of three E3 ligases (CHIP, HECTD and FBXW7) in 

the striatum of WT and KIQ175 mice revealed increased FBXW7 in the KIQ175 mice 

(Figure 9f). Increased FBXW7 protein levels were observed in STHdh Q111 cells, KIQ175 

mice and HD patients (Figure 9gɬi; Supplementary Figure 18A,B,E) and correlated with 

increased HSF1 S303/307 phosphorylation and low HSF1 protein levels and activity (Figs 

1bɬf,i and 2e; Supplementary Figure 17G). Knocking down FBXW7 in STHdh Q7 and 

STHdhQ111 cells increased HSF1 levels in both cells, with the increase more pronounced 

in STHdhQ111cells, suggesting a role for this E3 li gase in HSF1 degradation in HD (Figure 

9i). 
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Figure 8: HSF1 levels are decreased and P-Ser303/307 increased in HD37 (A) 

Diagram of the PC12-HttQ23 and Htt -Q74 proteins and experimental design. (B) Cells 

expressing either H tt-Q23 or Htt -Q74 were cultivated at 37°C (C) in the presence of 

tetracycline (Dox) for 3 days to induce expression, exposed to heat shock 1 h at 42°C, 

allowed to recover at 37°C for 7 h (HS) and protein extracts immunoblotted with the 

indicat ed antibodies. HSF1 bands were quantitated using Quantity One image software 

(BioRad) and values normalized using GAPDH as loading control and referenced to 
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control at 37°C (C) in the absence of -Dox. (C) qRT-PCR analysis of the Hsp70 and Hsp25 

genes in Htt-Q74-expressing cells as in B. Error bars represent means ± SEM. HS (+Dox) 

group was compared to HS (-Dox) group. (D) Analysis of Hsp70 promot er occupancy by 

HSF1. (E) Mouse derived  striatal STHdhQ7 and STHdhQ111 cells were cultured at 33ºC 

(C), heat shocked at 42°C 1 h with recovery at 33ºC for 7 h and immunoblotted with the 

indicated antibodies. HSF1 was quantified using Quantity One image sof tware and 

normalized usin g GAPDH as loading control and referenced to control at 37°C in the 

non-pathogenic STHdhQ7. (F) Striatal samples from Wi ld type (WT) C57BL/6 or KIQ175 

mice at 2, 6 and 12 months analyzed by immunoblotting (n=4). (G) Dorsal striatal 

sections from WT and KIQ 175 mice (n=3) at 6 months assayed by 

immunohistochemistry (IHC) for mHtt aggregation (1 C2), HSF1 and HSF1-S303 

phosphorylation using DAPI staining as control.  (H) Gastrocnemius muscle extracts 

from WT and KI175 mice (n=4) of the indicated age, immunoblot ted for HSF1, Hsp70 

and GAPDH. (I) Protein extracts from HD patient striatum (Supplement ary Table 2) and 

controls immuno blotted with indicated antibodies. (J) HSF1 phosphoproteomic analysis 

under non-pathogenic (-Dox) and pathogenic (+Dox) conditions in hsf1-/- MEF indu cible 

cell line expressing GFP-Htt -Q74 expressing HSF1. HSF1represented by the regulatory 

domain, DBD; DNA  binding domain, AD; activation domain, LZ1 -3 and LZ4; leucine 

zipper d omains. 

A pr evious report showed that th e interaction between HSF1 and FBXW7 is 

diminished with HSF1 S303A and/or S307A mutants in cancer cells125. Indeed, co-

immunoprecipitation experiments show that HSF1 S303A mutant interacts less robustly 

with FBXW7 compared to WT HSF1 when expressed in HSF1ǸɤǸ MEFs (Figure 9j), 

recapitulating a role for this phosphorylation event in th e interaction of HSF1 with 

FBXW7. Given that HSF1 S303A exhibited a reduced interaction with FBXW7, the effect 

of the HSF1-S303A mutation on HSF1 stability was assessed by expressing WT HSF1 or 

HSF1 S303A in HSF1ǸɤǸ MEFs expressing Dox-inducible Htt -Q74 (Figure 9k). As 

expected, HSF1ǸɤǸ MEFs expressing Htt-Q74 exhibit decreased HSF1 protein levels and 

activity and increased S303 phosphorylation, as compared to un-induced cells. 
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However, the HSF1 S303A mutation, which precludes phosphorylation at this site, 

increased HSF1 protein levels and Hsp70 expression in the presence of Htt-Q74 protein 

(Figure 9k). These results suggest that S303 phosphorylation is critical for Htt-polyQ -

dependent degradation of HSF1 via the action of FBXW7 and the proteasome. 
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Figure 9: Proteasomal HSF1 degradation in HD is mediated by Phospho -

S303/S30737 (A-B) PC12 cells expressing Htt -Q74 for 1, 2 or 3 days followed by Heat 

Shock (HS) and recovery as indicated. Control and H S in the absence of Dox correspond 

to cells incubated during 3 d ays at 37°C. (C) Htt -Q74 cells Dox-induced or not for 3 days 
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and exposed to 2 µM 17AAG and/or  MG132 (5 µM) for  6 h and extracts immunoblotted 

with the i ndicated antibodies. (D) Diagram of the effects of 17-AAG and MG132 

treatment and Htt -Q74 expression in HSF1. (E) Htt-Q74 cells transfected with HA -Ub 

plasmid Dox induced or  not and treated with 5 µM MG132 treatment for 6 h. Whole cell 

extract (WCE) and HA  immunoprecipitated (IP:HA) and HSF1 imm unoprecipitated 

samples (IP:HSF1) were immunoblotted as indicated. (F) Transcript levels for  indicated 

E3 ligases evaluated by qRT-PCR from striatum of WT an d KIQ175 mice at 6 months 

(n=3). Error bars represent ± SEM. (G) Human striatum samples from HD pat ients and 

controls and (H) Mouse striatum from 12 months old WT and KIQ175 mice were 

immunob lotted for HSF1 and FBXW7. (I)  FBXW7 siRNA in STHdhQ7 and STHdhQ 111 

cells using scrambled RNA (Scr) as control. HSF1 was quantified using Quantity One 

image software and normalized using GAPDH as loading control and referenced to 

control at 37°C in the non-pathogenic STHdhQ7. (J) HSF1-/- MEFs transfected with WT 

HSF1 or S303A mutant and  FBXW7-FLAG; samples immunoprecipitated with anti -

FLAG and HSF1 detected. (K) HSF1-/- MEFs expressing Dox-inducible Htt -Q74-GFP  

transfected wit h WT HSF1 or HSF1-S303A HS and 1h recovery at 37°C for 7 h. HSF1 was 

quantified using Quantit y One image software and normalized using GAPDH as 

loading control and referenced to control ( -Dox) expressing WT HSF1. 

2.4 Pathogenic Htt -polyQ -dependent HSF1 phosphorylation by 

Casein Kinase 237 

To identify pro tein kinases involved in  controlling HSF 1 phosphorylation and 

degradation in HD, we used a previously developed screen for regulators of human 

'2%ƕɯÌß×ÙÌÚÚÌËɯÐÕɯàÌÈÚÛɯÏÚÍƕͅɯÊÌÓÓÚɯ(Figure 10a)43. The basis of the screen is that human 

HSF1 (hHSF1) exists in an inactive form in yeast and does not complement the viability 

defÌÊÛɯÖÍɯÏÚÍƕͅɯÊÌÓÓÚȭɯ8ÌÈÚÛɯÏÚÍƕͅɯÊÌÓÓÚɯharboring both a galactose-inducible, glucose-

repressible yHSF1 plasmid and a constitutively expressed human HSF1 plasmid were 

cultured in  galactose conditions to allow yHSF-dependent growth. In glucose medium 

human HSF1 is insufficient to promote viability  unless small molecules activate HSF1 

and promote cell growth (Figure 10a). A library of commercial Ser/Thr and Tyr protein 
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kinase inhibit ors was evaluated for molecules able to support cell viability in a human 

HSF1-dependent manner (Figure 10b). All five hits from this screen have the common 

feature that, among other kinases, they inhibit CK2, a kinase in which the holoenzyme is 

composed of 2 regulatory and 2 catalytic subunits 189,190 (Figure 10c). These results 

suggested an inhibitory role for CK2 in human HSF1 regulation in yeast. Because of the 

limited s pecificity of these kinase inhibitors, the m odulation  of human HSF1 by yeast 

CK2 was tested by deletion of the CKB1 gene, encoding a CK2 stimulatory subunit in S. 

cerevisiae (Figure 10c). When the yeast HSF1 expression plasmid was evicted from cells 

Ìß×ÙÌÚÚÐÕÎɯÏÜÔÈÕɯ'2%ƕȮɯÐÚÖÎÌÕÐÊɯÊÒÉƕͅɯÊÌÓÓÚɯÞÌÙÌɯÝiable and exhibited increased 

human HSF1 protein levels compared with WT cells (Figure 10dɬf). 

In vitro phosphorylation assays were conducted using purified recombinant 

human glutathione S-transferase (GST)-tagged "*ƖϔɯÖÙɯ"*ƖϔɛɯÊÈÛÈÓàÛÐÊɯÚÜÉÜÕÐÛÚȮɯÖÙɯ

commercial CK2 holoenzyme, and recombinant human HSF1 (Figure 10g). Mass 

spectrometry analysis of HSF1 revealed that 11 Ser and 6 Thr residues were 

phosphorylated in vitro by CK2 (Figure 10g and Supplementary Data 2) with most 

located in the regulatory domain. Although some residues were phosphorylated by al l 

three CK2 preparations, other phosphorylation sites were unique. This is particularly 

relevant sÐÕÊÌɯÛÏÌɯÊÈÛÈÓàÛÐÊɯÚÜÉÜÕÐÛÚɯ"*ƖϔɯÈÕËɯ"*ƖϔɛɯÊÈÕɯÍÜÕÊÛÐÖÕɯin vivo in the absence 

ÖÍɯÛÏÌɯ"*ƖϕɯÙÌÎÜÓÈÛÖÙàɯÚÜÉÜÕÐÛ189. Intriguingly, HSF1 -S303-P was identified only in the 

presence of CK2 holoenzyme and HSF1-S307-P was identified solely i n the presence of 
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"*Ɩϔɛȭɯ.ÍɯÛÏÌɯ'2%ƕɯÙÌÚÐËÜÌÚɯ×ÏÖÚ×ÏÖÙàÓÈÛÌËɯin vitro by CK2, 8 different Ser and Thr 

residues were mutated to encode Ala (Supplementary Figure 19A) but only the HSF1-

S303A and/or S307A mutants promoted r obust human HSF1-dependent yeast growth 

(Figure 10h and Supplementary Figure 19B) consistent with previous studies of these 

mutants showing elevated HSF1 protein levels in yeast183. The HSF1-S303A and 

S303A/S307A mutants were further evaluated in the  humanized yeast assay in the 

presence of the CK2 inhibitor TID43. While TID43 administration allowed WT human 

HSF1-dependent yeast growth and potentiated S303A mutant growth, no further 

growth stimulation was observed for the S303/307A double mutant, showing 

insensitivi ty to pharmacological CK2 inhibition (Figure 10h). Taken together these 

results demonstrate that CK2 directly phosphorylates human HSF1 at S303 and S307 in 

vitro and pharmacological or genetic inhibition of these events increases human HSF1 

activity and  abundance in yeast. 
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Figure 10: CK2 modulates human HSF1 activity and stability in yeast 37 (A) 

Experimental design of humanized HSF1 yeast screen for kinase inhibitors that promote 

yeast HSF1-dependent growth. (B) Yeast cells expressing human HSF1 cultivated with 

ser-thr ki nase inhibitors and growth (OD 600 nm) monitored over 4 days.  Data presented 

correspond to results at 20 nM concentration. Similar results were obtained at other 

tested drug concentrations from 2 nM to 20 µM. DMSO was negative control and HSF1A 

used as positive control. (a= Ser/Thr kinases, b= Try kinases). (C) Yeast CK2 holoenzyme 

subunit composition and function. (D) Experimental design of humanized HSF1 yeast 

screen for CKB1 deletion that promote yeast HSF1-dependent growth. (E) WT and CKB1 

mutant strain (ckb1 )ͅ grown in SC-His or 5-FOA medium for 3 days at 30°C. (F) Protein 

extracts from WT (CKB1) and mutant strain (ckb1 )ͅ immunoblotted for human HSF1 
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using Pgk as loading control. (F) Summary of human HSF1 phosphorylation sites 

mediated by recombinant CK2ϔ, CK2ϔ́ or CK2 holoenzyme in vitro  and analyzed by 

phosphoproteomics, where (+) indicates detection of phosphorylation, DBD; DNA 

binding domain, AD; activation domain, LZ1 -3 and LZ4; leucin zipper domains. (G) 

Yeast expressing WT human HSF1, S303A or S303/S307A mutants grown in glucose with 

DMSO or 10 µM TID43 and OD600 nm monitored over 4  days. Statistical significance was 

measured 4 days of growth. Error bars represent ± SEM. (n.s, no significant, * p<0.05, *** 

p<0.001). 

To investigate a role for mammali an CK2 (Figure 11a) in HSF1 degradation in 

HD , Htt -Q74 expressing cells were incubated with two CK2 inhibitors that activate 

human HSF1 in the yeast assay, TID43 and Emodin (Figure 10b). Both molecules 

facilita ted Hsp70 expression in non-pathogenic (Htt -Q23) and pathogenic (Htt -Q74) 

conditions in a dose-dependent manner (Figure 11b,c) and activated HSF1 in human 

ARPE cells (Supplementary Figure 20A,B). Incubation of Htt -Q74 cells with TID43 or 

Emodin before or after Htt-Q74 induction (Supplementary Figure 20C) decreased HSF1-

S303 phosphorylation, increased HSF1 and Hsp70 levels (Figure 11d and Supplementary 

Figure 20D), decreased Htt-Q74 aggregates (Figure 11e,f; Supplementary Figure 20E) 

and increased Hsp70 expression and cell viability i n an HSF1-dependent manner (Figure 

11g and Supplementary Figure 20%Ȯ&Ⱥȭɯ6ÏÐÓÌɯ&ÚÒƗϕɯ×hosphorylates HSF1 S303 and 

drives HSF1 degradation in cancer cells125,139, a GSK3 inhibitor or GSK3 RNAi 

knockdown moderately stimu lated Hsp70 expression (Supplementary Figure 20E,H) 

and did not impact Htt -Q74 aggregation (Supplementary Figure 20E). Furthermore, 

ÒÕÖÊÒËÖÞÕɯÖÍɯ&ÚÒƗϔɯÈÕËɤÖÙɯ&ÚÒƗϕɯÏÈËɯÈɯËÌÛÙÐÔÌÕÛÈÓɯÌÍÍÌÊÛɯÖÕɯ'2%ƕɯ×ÙÖÛÌÐÕɯÚÛÈÉÐÓÐÛàɯ

and did not change the HSF1-S303 phosphorylation state (Supplementary Figure 20H). 
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While yeast CK2 catalytic activity is positively regulated by the CKB subunits 

(Figure 10c), mammalian CK2 activitàɯÊÈÕɯÉÌɯÌÐÛÏÌÙɯÈÊÛÐÝÈÛÌËɯÖÙɯÐÕÏÐÉÐÛÌËɯÉàɯÛÏÌɯ"*Ɩϕɯ

regulatory subunit (Figure 11a) thus modu lating activity towards  specific 

substrates189,190. CÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯ"*ƖϕɯÍÜÕÊÛÐÖÕÐng as a negative regulator of HSF1 

×ÏÖÚ×ÏÖÙàÓÈÛÐÖÕɯÉàɯ"*ƖȮɯÚÐÓÌÕÊÐÕÎɯÖÍɯ"*ƖϕɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯ'ÛÛ-Q74 decreased HSF1 

prot ein levels and Hsp70 expression (Figure 11h). However, short interfering RNA 

(siRNA) -mediated knockdown of ÛÏÌɯÊÈÛÈÓàÛÐÊɯ"*ƖϔɛɯÚÜÉÜÕÐÛɯÈÓÖÕÌȮɯÖÙɯÐÕɯÊÖÔÉÐÕÈÛÐÖÕɯ

ÞÐÛÏɯÛÏÌɯ"*ƖϔɯÚÜÉÜÕÐÛȮɯÙÌËÜÊÌËɯ'2%ƕɯ2ƗƔƗɯÈÕËɯ2ƗƔƛɯ×ÏÖÚ×horylation  (Figure 11i), 

increased HSF1 protein levels and Hsp70 expression and increased cell viabi lity in the 

presence of Htt-Q74 (Figure 11i; Supplementary Figure 20IɬK). A k nockdown of kin -3, 

the sole C. elegans CK2 catalytic subunit (Supplementary Figure 20L), resulted in higher 

expression of hsp-25 in an HSF1-dependent manner, suggesting a conservation of 

function, but it did not suppress pr otein aggregation or toxicity in ani mals 

overexpressing polyQ::YFP fusion protein s in body wall muscle cells, perhaps due to the 

potent toxicity of the Q37::YFP model (Supplementary Figure 20M). 
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Figure 11: Mammalian CK2 inhibition a meliorates HSF1 degradation, mHtt 

aggregation and death in a cellular HD model 37 (A) Mammalian CK2 holoenzyme 

subunit composition and function. (B) Htt -Q74 cells treated with CK2 kinase inhibitors 

TID43 or (C) Emodin 24 h prior to Htt -Q74 induction with Dox and h eat shocked at 42ºC 

for 1h followed b y recovery at 37°C for 7h and extracts analyzed by immunoblotting for 

Hsp70 and GAPDH. (D) Htt -Q74 cells treated with 5µM TID43 and immunoblotted for 

HSF1 and P-HSF1-S303. (E) Fluorescent images for GFP-Htt -Q74 analyzed 

microscopically in cells treated wit h DM SO or 1µM TID43 as described in B. (F) 

Quantification of cells containing GFP -Htt -Q74 aggregates from E expressed as 

percentage of total number of cells evaluated (~500 cells evaluated/sample). (G) HSF1-/- 

MEFs expressing Dox-inducible Htt -Q74-GFP transfected with pcDNA or WT HSF1 and 

incubated with 1 µM TID43 24 h prior to Htt -Q74-GFP induction followed by heat shock 

at 42°C during 1 h and 7 h recovery at 37°C. Cell viability expressed as % of viable cells 

under control conditions at 37°C. (H) Htt -Q74 cell s were transfected with siRNA against 
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CK2ϔ regulatory subunit or (I) CK2 ϔ and/or CK2ϔ́ catalytic subunits using scrambled 

siRNA (Scr) as control 24 h prior to Htt-Q74 induction during 2 days followed by heat 

shock at 42°C 1 h and recovery at 37°C, 7h. HSF1 was quantitated as in (Figure 9H). Al l 

immunob lots shown for each panel contain the samples from the same membrane and 

were cropped to show only relevant data. Error  bars represent ± SEM. 

2.5 "*ƖϔɛɯÐs highly abundant in HD m edium spiny neurons37 

The abundance of the CK2 catalytic and regulatory subu nits was evaluated in 

cell and mouse HD models and in striatum from patients with HD (Figure 12). In Htt -

0ƛƘɯÌß×ÙÌÚÚÐÕÎɯ/"ƕƖɯÊÌÓÓÚɯ"*ƖϔɛɯÚÏÖÞÌËɯÐÕÊÙÌÈÚÌË abundance that was further 

increased under HS conditions (Figure 12a), correlating with increased HSF1 S303/307 

phosphorylation and decreased HSF1 levels (Figure 8b). In the KIQ175 HD mouse 

ÔÖËÌÓɯ"*ƖϔɛɯÔ1- ɯ(Figure 12b) and protein level s were markedly increased in 

striatum and gastrocnemius muscle (Figure 12c,d). Immuno-histochemical analysis of 

the dorsal striatum also revealÌËɯÛÏÈÛɯ"*ƖϔɛɯÌß×ÙÌÚÚÐÖÕɯÞÈÚɯÐÕÊÙeased in KIQ175 mice 

(Figure 12ÌȺɯÞÏÐÓÌɯÕÖɯÚÐÎÕÈÓɯÞÈÚɯËÌÛÌÊÛÌËɯÐÕɯ"*ƖϔɛǸɤǸ mice (Supplementary Figure 21A). 

"*ƖϔɛɯÌxpression co-localized with the neuronal marker (Neu N) and the medium spiny  

neuron (MSN) markers Darpp32, Ctip2 and Fox1P191,192 in both WT and KIQ175 mice 

(Figure 12e and Supplementary Figure 21B,C). The analysis of the GS and CD68 markers 

showed no co-localization with astr ocytes or reactive microglia, respectively 

(Supplementary  Figure 21B,D). These results demonstrated that MSNs express increased 

CK2ϔɛɯÐÕɯÛÏÌɯ×ÙÌÚÌÕce of mHtt (Supplementary Figure 21E). Strikingly, striatal tissue 

frÖÔɯ×ÈÛÐÌÕÛÚɯÞÐÛÏɯ'#ɯÈÓÚÖɯÌßÏÐÉÐÛÌËɯÌÓÌÝÈÛÌËɯ"*ƖϔɛɯÔ1- ɯÈÕËɯ×ÙÖÛÌÐÕ levels (Figure 
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12f,g). Nine of 14 patientÚɯÞÐÛÏɯ'#ɯÚÏÖÞÌËɯÐÕÊÙÌÈÚÌËɯ"*ƖϔɛɯÌß×ÙÌÚÚÐÖÕɯÐÕɯÛÏÌɯÚÛÙÐÈÛÜÔɯ

compared with control samples and among all 10 patients that showed reduced HSF1, 7 

showed ÐÕÊÙÌÈÚÌËɯ"*Ɩϔɛɯȹ2Ü××Óementary Figure 18A,B,D). 
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Figure 12: CK2ϔȿɯÈÉÜÕËÈÕÊÌɯis elevated in Huntington´s diseas e37 (A) CK2ϔ, 

CK2ϔɀ and CK2ϔ protein levels in Htt -Q74 expressing cells under control  (C) or Heat 

Shock conditions at 42°C for 1h (HS). CK2 subunit abundance was quantified using 

Quantity One imag e software normalized using GAPDH as loadi ng control. CK2ϔ́ ratio 

is shown and referenced to control ( -Dox) cells. (B) CK2ϔ, CK2ϔ́and CK2ϕ striatal 

mRNA levels from WT and KIQ175 mice at 6 months of age. The value given for the 

amount of mRNA in the contro l group (WT) was set as 1. Error bars represent mean ± 

SEM, (n=4 animals). Values for the KIQ175 group were compared to the WT group. 
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Statistical significance was measured by two-tailed unpaired t -test (* p<0.05, ** p<0.01. 

(C) Protein levels for CK2ϔ, CK2ϔ́and CK2ϕ in the striatum and (D) gastrocnemius 

muscle of WT and KIQ175 mice at 6 months of age (n=4). (E) Coronal section of the 

striatum of WT and KIQ175 at 6 months of age, showing co-localization of CK2ϔ́ (red) 

with Ctip2 (green) and Fox1p (magenta) labeled MSNs in merged image. Scale bar: 

10 m. (F) CK2ϔ, CK2ϔ́and CK2ϕ qRT-PCR analysis and (G) protein levels in the 

striatum of HD patients and sex -age matched controls from 3 biospecimen banks 

(Supplementary Table 2). The value given for the amount of mRNA in the control group 

¨C¨ was set as 1 for each gene. Error bars represent mean ± SEM, n=7. Values for the 

Huntington´s disease ¨HD¨ group were compared to the control ¨C¨ group. CK2 ϔ́ bands 

from immunoblots were quantified using Quantity One image softw are (BioRad) and 

the protein values were normalized using GAPDH as loading control and referenced to 

the corresponding age-sex matched control patient. 

2.6 HSF1 is degraded in mouse and human MSN-like HD cells37 

Our findings demo nstrate a correlation between decreased HSF1 abundance and 

activity, and increased expression of the HSF1 degradation machinery components 

"*ƖϔɛɯÈÕËɯFBXW7. These findings were corroborated in the striatal -derived mouse HD 

STHdhQ111 cell-line compared with STHd hQ7 cells (Figure 13a). Importantly, we tested 

ÛÏÌɯÌß×ÙÌÚÚÐÖÕɯÓÌÝÌÓÚɯÖÍɯ'2%ƕȮɯ'Ú×ƛƔȮɯ"*Ɩϔɛɯand FBXW7 in human HD induced 

pluripo tent stem cells (iPSC)-derived MSNs fr om 33Q (Control) and 60Q (HD) 

containing allel e individuals in the absence or presence of brain-derived neurotrophic 

factor (BDNF; Figure 13b). Although no differences in the expression profile of these 

proteins were observed un der BDNF-withdrawal stress cond ition s, we found that HSF1 

abundance and Hsp70 Ìß×ÙÌÚÚÐÖÕɯÞÌÙÌɯÙÌËÜÊÌËȮɯÈÕËɯ"*ƖϔɛɯÈÕËɯFBXW7 increased, in 

the 60Q cell line. 

 



 

73 

 

 

Figure 13: Decreased abundance of HSF1 and increased levels of CK2ϔɀɯÈÕËɯ

FBXW7 in mouse striatal neurons and differentiated human iPSCs expressing p olyQ -

expanded Htt 37 (A) Mouse STHdh Q7 and Q111 cells were cultured at 33°C for 48h. (B) 

Hu man iPSC from 33Q (Control) and 60Q (HD) individuals were differentiated int o 

MSN (medium spiny neurons) for 54  days as described193,194, and transferred to minimal 

diff erentiation medium with (+) or without ( -) BDNF for 48h. Protein samples were 

immunoblotted for the indicated proteins.  

2.7 CKƖϔɛɯÓÖÞÌÙÐÕÎɯÐÕÊÙÌÈÚÌÚɯ'2%ƕɯÈÕËɯËÌÊÙÌÈÚÌÚ pathogenic mHtt 

aggregation37 

3ÖɯÌß×ÓÖÙÌɯÈɯ×ÏàÚÐÖÓÖÎÐÊÈÓɯÙÖÓÌɯÍÖÙɯ"*ƖϔɛɯÐÕɯÙÌÎÜÓÈÛÐÕÎɯ'2%ƕɯÈÉÜÕdance and 

activity in vivo, the consequences oÍɯ"*ƖϔɛɯÒÕÖÊÒ-out w as evaluated in otherwise WT 

ÔÐÊÌȭɯ"*ƖϔɛǸɤǸ mice exhibited higher  HSF1 protein levels and Hsp70 expression 

ÊÖÔ×ÈÙÌËɯÛÖɯ"*Ɩϔɛ+/+ littermates, suggesting a physiological role for CK2 in regulat ing 

HSF1 abundance and activity (Supplementary Figure 22A). Given the dramatic elevation 

ÐÕɯ"*ƖϔɛɯÓÌÝÌÓÚɯÐÕɯ'#ɯÔÖËÌÓÚɯÈÕËɯ×ÈÛÐÌÕÛÚȮɯÔice heterozygous ÍÖÙɯ"*Ɩϔɛɯȹ"*ƖϔɛǶɤǸ) were 

generated in the KIQ175 background to evaluate the impact on HSF1 levels, activity and 

on the neuropathology observed in this HD model (Figure 14a and Supplementary 
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Figure 22!Ⱥȭɯ*(0ƕƛƙɤ"*ƖϔɛǶɤǸ mice exhibited Ḑ2.5-fold decreased CK2ϔɛ, and Ḑ1.5-fold 

increased CK2ϔ striatal mRN A l evels compared to KIQ175 littermates (Figure 14b and 

Supplementary Figure 22"Ⱥȭɯ'ÌÛÌÙÖáàÎÖÚÐÛàɯÖÍɯ"*ƖϔɛɯÐÕÊÙÌÈÚÌËɯÌß×ression of the HSF1 

targets Hsp70 and Hsp25 (Figure 14c and Supplementary Figure 22D). 

The co-activator peroxisome proliferator -activated receptor gamm a (PGC-ƕϔȺɯÐÚɯ

an HSF1 target that is a key regulator of mitochondrial biogenesis and energy 

metabolism195. Both PGC-ƕϔɯÈÕËɯÐÛÚɯÛÈÙÎÌÛɯÎÌÕÌÚȮɯ"8"2ɯȹÊàÛÖÊÏÙome c), TFAM 

(mitochondrial transcription factor) a nd NDUFS3 (NADH dehydrogenase) are reduced 

in the striatum of the N171-82Q HD mouse model and in human patients, in part 

underlying th e mitochondrial dysfunction observed in HD 196ȭɯ*(0ƕƛƙɤ"*ƖϔɛǶɤǸ mice 

showed elevated expression of PGC-ƕϔɯÈÕËɯÛÈÙÎÌÛɯÎÌÕÌÚɯÊÖÔ×ÈÙÌËɯÛÖɯ*(0ƕƛƙɯ

littermates (Figure 14d and Supplementary Figure 22E). Importantly, HSF1 and Hsp70 

protein levels were increased, mutant Htt aggregates decreased and soluble mutant a nd 

WT Htt protein increased in th e striatum oÍɯ*(0ƕƛƙɤ"*ƖϔɛǶɤǸ mice compared to KI175 

littermates (Figure 14e,f; Supplementary  Figure 22F,G). 
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Figure 14: "*ƖϔɛɯÏÌÛÌÙÖáygosity increases HSF1 abundance and activity in HD  

mi ce37 (A) Mous e breeding scheme to generate WT, KIQ175, CK2ϔ́+/- and 

KIQ175/CK2ϔ́+/- mice. (B) CK2ϔ, CK2ϔ́and CK2ϕ mRNA levels from KIQ175 and 
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KIQ175/CK2ϔ́+/- striatum at 6 months. Data was normalized to GAPDH and referenced 

to WT. (C) Chaperones Hsp70 and Hsp25 and (D) Mitochondrial activity -related genes 

PGC-1ϔ, CYCS, NDUFS3 and TFAM mRNA levels from the striatu m of KIQ175 and 

KIQ175/CK2ϔ́+/- at 6 months. (E) Immunoblots of striatum from KIQ175, WT, 

KIQ175/CK2ϔ́+/- and CK2ϔ́+/- at 6 months. (F) WT and mutant H tt immuno blot 

analysis from striatum of KIQ175, WT, KI Q175/CK2ϔ́+/- and CK2ϔ́+/- at 6 months. 

Long and Short exposures are presented. mRNA data shows fold change compared to 

the control group (WT) which values were set as 1. Error bars represent mean ± SEM, 

n=3 animals. Values for the KIQ175/CK2ϔ́(+/-) group were compared to the KIQ175 

group.  

2.8 CKƖϔɛɯÙÌËÜÊÛÐÖÕɯ×Ùeserves MSNs and muscle mass37 

Previous studies demonstrated decreased abundance of dendritic spines and 

changes in spine morphology in HD patients and mouse HD models197. These 

phenotypes correlate wi th reduced expression of vital HSF1 targets in HD, such as 

Hsp70, which functions in dendritic ma turat ion and neuronal communication 198. 

Significant alterations  in MSN morphology  and composition were detected between WT 

and KIQ175 mice, with increased immature MSNs and decreased mature MSNs in 

KIQ175 mice (Figure 15a,b). Striatal degeneration can be detected by alterations in 

excitatory synapse formation in KIQ175 m ice at an early stage (P21) that may precede 

neurodegeneration197. Striatal inputs from the cortex and thalamus can be distinguished 

by the differential  expression of the presynaptic proteins VGlut1 (cortico -striatal) and 

VGlut2 (thalamo -striatal) and their co-localization with post -synaptic PSD95 (Figure 

15c). C*ƖϔɛɯÏÌÛerozygosity increased thalamo-striatal excitatory synapse number 

(VGlu t2-PSD95 co-ÓÖÊÈÓÐáÈÛÐÖÕȺɯÐÕɯ*(0ƕƛƙɤ"*ƖϔɛǶɤǸɯÔice, compared with KIQ175 

littermates at both 5 weeks (Supplementary Figure 23A,B) and 6 months of age with no 
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changes in cortico-striatal synapse number, which occurs only in older KIQ175 mice 199 

(Figure 15dɬf). Since mature spines are those actively involved in synapse connectivity, 

the increase in mature spine number as a consequence of CK2ϔɛɯdepletion (Figure 15a,b) 

correlates with increased excitatory synapse number observed in this background 

(Figure 15ÍȺȭɯ(ÕɯÈËËÐÛÐÖÕȮɯ*(0ƕƛƙɤ"*ƖϔɛǶɤǸ mice displayed increased body weight in 

comparison to KIQ175 littermates and maintained similar body mass as w ild type 

littermates beginning at 3 weeks and extending through at least 6 months (Figure 15g,h; 

Supplementary Figure 23C). 
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Figur e 15: CK2ϔȿɯÏÌÛÌÙÖáàÎÖÚÐÛàɯÈÔÌÓÐÖÙÈÛÌÚɯÉÐÖÊÏÌÔÐÊÈÓɯÈÕËɯÕÌÜÙÖÉÐÖÓÖÎÐÊÈÓɯ

defects in KI175 HD mice 37 (A-B) Dendrite spine number and morphology of medium 

spiny neurons (MSNs) in t he dorsal-striatum of KIQ175 and KIQ175/CK2ϔ́+/- at 6 
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months. (C) Excitatory synapse input in the dorsal striatum. (D) Immunostaining of the 

cortico-striatal pre-synaptic marker (VGlut1,  red), the thalamo-striatal pre-synaptic 

marker (VGlut2, red) and the post-synaptic marker PSD95 (green) in the dorsal-striatum 

of KIQ175, WT, KIQ175/CK2ϔ́+/-, and CK2ϔ́+/- at 6 months. (E) Quantification of 

VGlut1 -PSD95 and (F) VGlut2-PSD95 co-localized synaptic puncta from B. Sale bar, 10 

µM.  (G-H) Size and body weight of KIQ175 (n=6), WT (n=8), KIQ175/ CK2ϔ́+/- (n=11) 

and CK2ϔ́+/- (n=11) at 6 months. Error bars indicate ± SEM. 

2.9 Discussion37 

The primary defect in Huntington's D isease is the expression of a misfolded and 

aggregated polyQ-expanded Htt protein 28. HSF1 plays a critical role in activating genes 

encoding proteins that function in pr otein quality control, mitochondrial function and 

cellular pro -survi val factors that ameliorate defects in neuronal function and survival in 

HD. Activation of HSF1 either by over-expression, or by genetic or pharmacological 

modula tion, i s protective in HD models34,156,161,183-185. Previous studies using an Hsp90 

inhibitor showed only short -term benefits for HSF1 activation that were attribu ted to 

global changes in chromatin structure that precluded HS F1 binding to target 

promoters34. Howev er, our data in cellular and mouse HD models and postmortem HD 

patient samples, and studies by others in flies and mice35,156, clearly demonstrate a strong 

dimi nution in HSF1 protein abundance. 

Moreover, we find tha t the levels of both HSF1, and HSF1 target genes, are 

strongly reduced in gastrocnemius muscle of the KIQ175 HD mou se. This is consistent 

w ith the accumulation of nuclear mut ant Htt inclusions in muscle fibers200, and perhaps 

with the cachexia observed in the periphery in this mouse  model and HD patients 201. 
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These studies suggest an intrinsic link between the periphery and the central nervous 

system (CNS) in HD with respect to HSF1 abundance and activity. It has also been 

demonstrated that ϔ-synuclein A53T mutant expressing cells, but not WT ϔ-synuclein 

cells show HSF1 depletion; similarly, in tissue of patients w ith d iffu se Lewy body 

disease HSF1 depletion is observed202. Rodent models of A lzheim er's disease also exhibit 

low HSF1 levels in the cerebellum120, suggesting that Parkinson's disease (PD), 

Al zheimer's Disease (AD) and perhaps other neurodegenerative diseases associated 

with protein misfolding may exhibit inappropriate degradation of HSF1. 

Here we demonstrate that one mechanism for defective HSF1 activation in HD is 

pathogenic polyQ -Htt -dependent targeting of HSF1 for proteasomal degradation, 

mediated by the action of CK2 kinase and the phosphorylation of HSF1 at S303/307. Our  

observations tÏÈÛɯ"*ƖϔɛɯÊÈÛÈÓyt ic subunit levels are dramatically elevated in MSNs in 

rodent HD models, in diffe rentiated human iPSCs derived from patients with HD and in 

the striatum from patients with HD suggest that mutant Htt elevates the expression  or 

stability  of this kinase through as yet unidentified mechanisms. Consistent with our 

findings, others have shown increased expression of CK2 in striatal tissue of yeast 

artificial chromosome (YAC) transgenic mice expressing full -length mutant Htt 203. 

Moreover, AD models and patients with Alzheimer's Disease exhibit low levels of HSF1 

and elevated CK2 120,204,205, and increasing HSF1 activity in an AD murine mode l reverses 

cerebellar Purkin je cell deficiency120ȭɯ'ÌÙÌȮɯÞÌɯÏÈÝÌɯËÌÔÖÕÚÛÙÈÛÌËɯÛÏÈÛɯ"*ƖϔɛɯÐÚɯ
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increased in MSNs in HD, the neuronal sub-type most susceptible to mHtt aggregation 

and neurodegeneratioÕȮɯÞÏÌÙÌÈÚɯÐÛɯÐÚɯÒÕÖÞÕɯÛÏÈÛɯ"*ƖϔɤϔɛɯÐÚɯÐÕÊÙÌÈÚÌËɯÐÕɯÛÏÌɯÈÚÛÙÖÊàÛes 

in the hippocampus and temporal cortex of AD patients, the most affected tissue in 

AD 205ȭɯ.ÜÙɯËÈÛÈɯËÌÔÖÕÚÛÙÈÛÌɯÛÏÈÛɯ"*ƖϔɛɯÈÕËɯÔ'ÛÛɯÈÙÌɯÍÖÜÕËɯÐÕɯ,2-ÚɯÐÕɯ'#ɯÔÐÊÌȮɯÞÏÐÓÌɯ

in AD CK2 co-localizes with amyloid deposits in astrocytes. However, it is currently 

unclear if this causes the HSF1 protein depletion that has been reported in AD120,205. 

Notably, pharmacological inhibition of CK2 also affects the phosphorylation state of Htt 

at Ser13 and Ser16, which alters WT Htt protein aggregation and localization 206. It is 

currently unknown what th e relative contributions of these or other CK2 targets are to 

HD pheno type amelioration when CK2 is inhibited.  

HSF1 target genes also encode proteins that function within the synaptic 

environment controlling dendritic maturation, presynaptic signaling  pathways and 

neuronal communication. Moreover, Hsp70 stabilizes presynapti c proteins such as 

syntaxin I, synaptic vesicle protein 2 and synaptotagmin I and att enuates hypoxia-

induced motor and sensory impairment 198. HSF1 also activates BDNF expression, which 

contributes to the survival of  peripheral and CNS neurons and that is markedly depleted 

in HD brain 207ȭɯ(ÕÛÌÙÌÚÛÐÕÎÓàȮɯÈÔàÓÖÐËɯ×Ì×ÛÐËÌɯȹ͂ϕȺɯÛÙÈÕÚÎÌÕÐÊɯÔÐÊe treated with the 

HSF1 activator 17-AAG had increased BDNF expression in the hippocampal region and 

ËÐÚ×ÓÈàÌËɯÈÛÛÌÕÜÈÛÌËɯ͂ϕ-induced synaptic toxicity and memory impairment 208. Our data 

suggests that reduced expression of HSF1 target genes in the striatum of HD mice and 
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patients with HD is associated wi th decreased levels of HSF1. Prevention of HSF1 

degrÈËÈÛÐÖÕɯÉàɯ"*ƖϔɛɯÐÕÏÐÉÐÛÐÖÕɯÐÕÊÙÌÈÚÌÚɯÛÏÌɯÌß×ÙÌÚÚÐÖÕɯÖÍɯÊÏÈ×ÌÙÖnes in the striatum. 

Indeed, striatal and cortical neurons, which are primary sites of neurodegeneration in 

HD, have reduced levels of Hsp70 expression as compared with other neurons which 

are more resistant to mHtt aggregation 209. Transcriptomic analysis of brain fr om patients 

with HD revealed reductions in chaperone family members and other HSF1 t arget genes 

with metabolic an d synaptic functions 36 (Supplementary Data 3). Alt hough we 

demonstrate that HSF1 is responsible for the decrease in chaperone expression in the 

striatum, other transcription factors suc h as p53 and NF-Y may activate Hsp70 in other 

areas of the brain 209,210. 

The depletion of HSF1 in HD is associated with increased phosphorylation of 

S303 and S307 within the HSF1 central regulatory domain. This region has been 

previously associated with negative regulatio n of HSF1 through poorly unders tood 

mechanisms137,139,180,186. Nevertheless, R6/2 transgenic mice expressing a constitutively 

active form of HSF1 (lacking a 94 amino-acid of the central regulatory region 

encompassing S303 and S307), inhibited Htt-polyQ aggregate formation and pr olonged 

lifespan161. Interestingly, in cancer cells phosphorylation of S303 and S307 by distinct 

protein kin ases is required for the interaction of HSF1 with the FBXW7 E3 ligase, 

responsible for ubiquitin -dependent degradation of nuclear HSF1 in melanoma cancer 

cells125. While cancer cells show decreased levels of FBXW7 and elevated HSF1 protein 
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levels, pathogenic polyQ -expressing cells and tissues show the opposite: increased 

FBXW7 levels and increased CK2-dependent S303/307 phosphorylation of HSF1, which 

together drive s HSF1 degradation (Figure 16). The importance of maintaining 

appropria te levels of HSF1 may provide an avenue for therapeutic intervention for 

aging or diseased cells that have a decreased capacity to maintain protein homeostasis211. 

However, furth er studies will b e required to better understand the molecular 

mechanism by w hich poly -glutamine expanded Htt drive s increased expression of the 

'2%ƕɯËÌÎÙÈËÈÛÐÖÕɯÊÖÔ×ÖÕÌÕÛÚɯ"*ƖϔɛɯÈÕËɯFBXW7. 

 

Figure 16: Model for HSF1 degradation i Õɯ'ÜÕÛÐÕÎÛÖÕɀÚɯ#Ðsease37 pathogenic 

Htt expression increases the abundance sof CK2ϔɛɯÒÐnase and the FBXW7 Fbox protein. 

CK2ϔɛɯ×ÏÖÚ×ÏÖÙàÓÈÛÌÚɯ'2%ƕɯ2ƗƔƗɯÈÕË S307, inactivating HSF1 transcriptional activity 
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and recruiting the FBXW7 E3 ligase. The E3 ligase complex ubiquitinylates HSF1, 

targeting the protein for proteasomal degr adation. Decreased HSF1 levels compromise 

the expression of HSF1 target genes that are essential for coping with misfolded and 

ÈÎÎÙÌÎÈÛÌËɯÔ'ÛÛɯÐÕɯ'ÜÕÛÐÕÎÛÖÕɀÚɯ#ÐÚÌÈÚÌɯÈÕËɯÍÖÙɯÕÌÜÙÖÕÈÓɯÍÜÕÊÛÐÖÕɯÈÕËɯÚÜÙÝÐÝÈÓȭ 

In addit ion to increased degradation of HSF1 in HD, dysregulation of HSF1 driv es 

differential genome -wide binding and changes in HSF1 target gene transcription. 

Further investigation  of how HSF1 regulation is altered in HD may provide additional 

insight into the crucial  roles of HSF1 in this chronic prot ein misfoldi ng disease. Chapter 

3 aims to determine how HSF1 protein-protein interactions differ in the chronic stress of 

HD as compared to unstressed or acutely stressed cells.  

2.10  Materials  and Methods37 

2.10.1 Cell lines 37 

Mammalian cell lines used in thi s study  were the inducible rat PC12 cells 

expressing HttQ23-GFP and HttQ74-GFP (a gift from Dr Rubi nsztein, University of 

Cambridge), the inducible  rat PC12 cells expressing AR-Q10 and AR-Q112 (a gift from 

Dr. Merry, Thomas Jefferson University), the  mouse-derived striatal cells STHdhQ7 and 

STHdhQ111 (Coriell Cell Repositorie s), the HSF1ǸɤǸ mouse embryonic  fibroblasts (MEF) 

cells (from Dr. Benjamin, Medical College of Wisconsin) and HSF1ǸɤǸ MEFs expressing 

Htt -Q23-GFP and Htt-Q74-GFP (prepared in this work) , human HEK-293T cells (ATCC 

CRL-1573) and human retinal pigment epithe lial cell li ne ARPE-19 (ATCC CRL-2302). 

Human HD iPSC-derived from 33Q and 60Q individuals were cultured as previously 
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described 193 and differentiated into MSNs66. On day 42 of differentiation, cell 

aggregates were plated into 24-well plates coated with Matrigel (BD). Two weeks la ter 

cell s were transferred to neural induction medi um to induce MSN formation . 

PC12 cells li nes were maintained on Dulbecco's modified Eagle's medium 

(DMEM) supplemented with 5% Tet -approved foetal bovine serum (FBS), 10% horse 

ÚÌÙÜÔȮɯƕƔƔɷϟÎɷÔÓǸƕɯ&ƘƕƜȮɯƛƙɷϟÎɷÔÓǸƕ 'àÎÙÖÔàÊÐÕɯ!ɯÈÕËɯƕƔƔɷ4ɷÔÓǸƕ 

penicillin/streptomycin and grown at 37 °C. MEFs were maintained in DMEM 

ÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯȹ%!2ȺȮɯƔȭƕɷÔ,ɯÕÖÕÌÚÚÌÕÛÐÈÓɯÈÔÐÕÖɯÈÊÐËÚȮɯƕƔƔɷ4ɷÔÓǸƕ 

penicillin/strepto mycin , ÈÕËɯƙƙɷϟ,ɯƖ-mercaptoethanol and grown at 37°C. Striatal cells 

ÞÌÙÌɯÎÙÖÞÕɯÈÛɯƗƗɷȘ"ɯÐÕɯ#,$,ɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯ%!2ɯÈÕËɯƕƔƔɷ4ɷÔÓǸƕ 

penicillin/streptomycin. HEK -ƖƝƗɷ3ɯÊÌÓÓÚɯÞÌÙÌɯÔÈÐÕÛÈÐÕÌËɯÖÕɯ#,$,ɯÚÜ××ÓÌÔÌÕÛÌËɯ

ÞÐÛÏɯƕƔǔɯȹ%!2ȺɯÈÕËɯƕƔƔɷ4ɷÔÓǸƕ penicillin /streptomycin grown at 37 °C. ARPE cells were 

grown in DMEM -%ƕƖɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯ%!2ɯÈÕËɯƕƔƔɷ4ɷÔÓǸƕ 

penicillin/streptomycin. Doxycycline induction treatments were performed using 

ƕƔɷϟÎɷÔÓǸƕ for 2ɬ3 days. All culture media were supplemented with MycoZap -Plus-PR 

(Lonza) for mycoplasma elimination.  

PC12 cells were authenticated by immunoblotting analysis on doxycycline 

induction for the presence of Htt -polyQ constructs with anti -GFP antibody, AR-polyQ 

cells were authenticated for the presence of AR-polyQ w ith anti -N20 antibody. The 

mouse-derived striatal cells STHdh Q7 and STHdhQ111 (Coriell Cell Repositories) were 
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authenticated by immunoblotting for the presence of mutant Htt with anti -Htt 

(Mab2166). The HSF1ǸɤǸ MEF cells were authenticated by immunoblotting for HSF1 with 

anti-HSF1 (Enzo 10H8).  

2.10.2 Yeast strains and kinase inhibitor analysis 37 

To screen for protein kinase inhibitors that activa te HSF1 in yeast we used the 

humanized yeast screening assay described43. A battery of 37 diffe rent kinase inhibitors 

was tested. Cells were incubated in 96-ÞÌÓÓɯ×ÓÈÛÌÚɯÜÚÐÕÎɯÈɯÙÈÕÎÌɯÖÍɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯȹƖɷÕ,-

ƖƔɷÕ,-ƔȭƖɷϟ,-ƖƔɷϟ,ɯÈÕËɯƖƔƔɷϟ,ȺɯÍÖÙɯÌÈÊÏɯÊÖÔ×ÖÜÕËɯÜÚÐÕÎɯ#,2.ɯÈÚɯÚÖÓÝÌÕÛɯÕÌÎÈÛÐÝÌɯ

control and the small molecule HSF1A as positive control 43,105 and OD600 was monitored 

over 4 days. Experiments were carried out using three independent biological replicates 

with three technical replicates for each experiment. Serine to Alanine mutations were 

introduced in pRS424-GPD-human HSF1 using site-directed mutagenesis and vectors 

transformed into DNY75 yeast strain. Cells were cultivated in SC -URA-TRP media 

containing 2% raffinose and 0.01% galactose. Overnight cultures were serially diluted 

and plated onto SC-URA-TRP plates contain ing Galactose or Dextrose. Plates were 

ÐÕÊÜÉÈÛÌËɯÍÖÙɯƗɯËÈàÚɯÈÛɯƗƔɷȘ"ȭɯ3(#ƘƗɯÛÙÌÈÛÔÌÕÛÚɯÞÌÙÌɯÊÈÙÙÐÌËɯÖÜÛɯÐÕɯÍÓÈÚÒÚɯÐÕɯ2"-URA-

31/ɯÊÖÕÛÈÐÕÐÕÎɯƘǔɯËÌßÛÙÖÚÌɯÜÚÐÕÎɯƕƔɷϟ,ɯ3(#ƘƗɯÖÙɯ#,2.ɯÍÖÙɯƘɯËÈàÚȭɯ3ÏÌ CKB1 gene 

was deleted in DNY75 using a loxP-KanMX4-loxP deletion cassette and transformed 

with pRS423-GPD (HIS) human HSF1. The CKB1 and WT cells were grown in SC-HIS 

media overnight and serial dilutions plated onto SC -HIS and 5-FOA plates and 
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ÐÕÊÜÉÈÛÌËɯÍÖÙɯƗɯËÈàÚɯÈÛɯƗƔɷȘ"ȭɯ/ÙÖÛÌÐÕɯÌßÛÙÈÊÛÚɯÞÌÙÌɯ×ÙÌ×ÈÙÌËɯÍrom cells after overnight 

growth for HSF1 protein analysis.  

2.10.3 Generation of HSF1ǸɤǸ MEF cells expressing Htt -polyQ -GFP37 

The HSF1ǸɤǸ MEFs expressing polyQ-Htt -GFP were generated by amplification of 

the Htt exon 1 Q23-GFP and Q74-GFP DNA fragments from PC12 cells by using F1-

AscI-&%/ɯ×ÙÐÔÌÙɯƙɛ-ATATGGCGCGCCATGGTGAGCAAGGGC GAGGAGCTGTTCAC  

CGGGGTGG-ƗɛɯÈÕËɯ1ƕ-MluI -$ßÖÕƕ'ÛÛɯƙɛ-ATATACGCGTTCA CGGCGGGGGCGGCG 

GCGGGGGCGGC-Ɨɛȭɯ'ÛÛ-Q23-GFP and Htt-Q74-GFP DNA fragments were cloned into 

pTRIPz-TeT-ON plasmid (derived from original pTRIPz empty vector from Thermo 

Scientific). pTRIPz empty vector was digested with AgeI and MluI removing tRFP from 

the vÌÊÛÖÙɯÈÕËɯÐÕÛÙÖËÜÊÌËɯÈɯÕÌÞɯÔÜÓÛÐÊÓÖÕÐÕÎɯÚÐÛÌɯȹ,"2Ⱥɯƙɛ-ACCGGTGAATTCGGCGC  

GCCATCGATCCTGCAGGCTCGAGACGCGT -ƗɛɯÊÖÕÛÈÐÕÐÕÎɯÈÕɯ ÚÊ(ɯÚÐÛÌȭɯ ÚÊ(ɯÈÕËɯ,ÓÜ(ɯ

restriction enzyme sites were used to subclone the Htt-Q23-GFP and Htt-Q74-GFP 

encoding DNA fragments into the p TRIPZ-TeT-ON vector. HEK -ƖƝƗɷ3ɯÊÌÓÓÚɯÞÌÙÌɯ

transfected to produce lentiviral particles using pTRIPZ-TeT-GFP-HttQ23 or pTRIPZ -

TeT-GFP-HttQ74, psPAX2 (packaging vector) and VsgV (envelope vector). Lentiviral 

particules were used to infect HSF1ǸɤǸ MEFs and positive clones were selected in 

ƖȭƙɷϟÎɷÔÓǸƕ Puromycin.   
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2.10.4 Cell transfection and siRNA knockdown experiments 37 

Cells were transfected using Lipofectamine LTX Reagent (Invit rogen) and 

following Invitrogen protocol instructions (Invitrogen protocols 25 -ƔƝƘƚɷ6ȺɯÖÙɯ2$ɯ"ÌÓÓɯ

Line Nucleofector Kit. HttQ74 cells were transfected with HA -Ub vector (Addgene 

#18712) by using Lipofectamine LTX Reagent (Invitrogen) following protocol 

instructions (Invitrogen protocols 25 -ƔƝƘƚɷ6ȺȭɯÏÚÍƕǸɤǸ MEF-GFP-Htt -Q74 cells were 

transfected with pcDNA WT HSF1 or the HSF1 S303A mutant plasmid using 

Lipofectamine LTX reagent. hsf1ǸɤǸ MEFs were electroporated with FBXW7-FLAG tag 

and WT HSF1 or S303A plasmids using the SE Cell Line Nucleofector. 

Knockdown experiments were carried o ut using FlexiTube siRNA (5 nmol) from 

0ÐÈÎÌÕɯÍÖÙɯÛÏÌɯÒÕÖÊÒËÖÞÕɯÖÍɯ'2%ƕɯÈÕËɯ"*ƖɯÚÜÉÜÕÐÛÚɯ"*ƖϔȮɯ"*ƖϔɛȮɯ"*ƖϕȮɯÛÏÌɯ&2*Ɨɯ

ÚÜÉÜÕÐÛÚȮɯ&2*ƗϔȮɯ&2*ƗϕɯÈÕËɯ'ÛÛ0ƛƘɯÊÌÓÓÚɯÞÌÙÌɯÜÚÌËɯÞÐÛÏɯ%ÓÌßÐ3ÜÉe siRNA (5 nmol) 

ÍÙÖÔɯ0ÐÈÎÌÕȰɯ1Õɍ'ÚÍƕɍƘɯ2(ƔƕƙƖƗƕƘƘȮɯ1Õɍ"ÚÕÒƖϔƕɍƘɯ2(ƔƖƔƔƛƕƜƔȮ 1Õɍ"ÚÕÒƖϔƖɍƘɯ

2(ƔƘƛƗƔƚƘƖȮɯ1Õɍ"ÚÕÒƖϕɍƘɯ2(ƔƕƝƝƘƗƜƘȮɯ1Õɍ&ÚÒƗϔɍƘɯ2(ƔƕƝƝƛƔƕƚȮɯ1Õɍ&ÚÒƗϕɍƘɯ2(ƔƕƙƕƝƘƖƔȭɯ

For FBXW7 knockdown the mouse-derived STHdhQ7 and STHdhQ111 cells were used 

with a combination  of 4 siRNAs (Mm_Fbxw7; SI05586490; SI05586483; SI01001056; 

SI01001049). As negative control for silencing experiments, an ON-TARGETplus non-

targeting siRNA (Scrambled) was obtained from Dharmacon. Knockdown experiments 

in PC12 Htt-Q74 cells were carried oÜÛɯÜÚÐÕÎɯ#ÏÈÙÔÈ%$"3ƕɯÛÙÈÕÚÍÌÊÛÐÖÕɯÙÌÈÎÌÕÛɯƖƘɷÏɯ

ÉÌÍÖÙÌɯƕƔɷϟÎɷÔÓǸƕɯËoxycycline induction for 2 days. Knockdown experiments in mouse -
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derived striatal cells were carried out using DharmaFECT1 transfection and cells were 

ÏÈÙÝÌÚÛÌËɯƘƜɷÏɯÈÍÛÌÙɯÛÙÈÕÚÍÌÊÛion. 

2.10.5 Viabi lity assays37 

Cell viability was assessed using the XTT Cell viability assay kit (Roche) 

following manu facturer's recommendations. 

2.10.6 RNA preparation and RT -PCR37 

RNA was extracted from PC12 HttQ74 cells and human tissue by using RNEasy 

extraction kit (Qiagen) according to manufacturer's instructions. For worm RNA 

extraction, 50 worms were incubated ÐÕɯÈɯÛÏÌÙÔÖÊàÊÓÌÙɯÈÛɯƚƙɷȘ"ɯÍÖÙɯƕƔɷÔÐÕɯÈÕËɯ1- ɯ

extraction was performed using phenol/chloroform, precipitated with one volume of 

ƕƔƔǔɯÐÚÖ×ÙÖ×ÈÕÖÓɯÈÕËɯƖƔɷϟÎɯÎÓàÊÖÎÌÕɯÈÕËɯÙÌÚÜÚ×ÌÕËÌËɯÐÕɯÞÈÛÌÙȭɯÊ#- ɯÍÖÙɯÈÓÓɯÚÈÔ×ÓÌÚɯ

was pÙÌ×ÈÙÌËɯÍÙÖÔɯƕɷϟÎɯ1- ɯÜÚÐng the Superscript First Strand Synthesis System for 

RT-PCR kit (Invitrogen) according to manufacturer's instructions. SYBR green based 

PCR was performed with SYBR mix (BioRad). 

2.10.7 Chromatin immunoprecipita tion 37 

For chromatin immunoprecipitation assays Htt -0ƛƘɯÊÌÓÓÚɯÞÌÙÌɯÎÙÖÞÕɯÐÕɯƕƔɷÊÔɯ

plates to 75% confluency, HttQ7ƘɯÌß×ÙÌÚÚÐÖÕɯÞÈÚɯÐÕËÜÊÌËɯÞÐÛÏɯƕƔɷϟÎɷÔÓǸƕɯËÖßàÊàÊÓÐÕÌɯ

ÍÖÙɯƗɯËÈàÚɯÈÕËɯÏÌÈÛɯÚÏÖÊÒÌËɯÈÛɯƘƖɷȘ"ɯÍÖÙɯƗƔɷÔÐÕȭɯ/ÓÈÛÌs were immediately placed on ice 

and cross-ÓÐÕÒÌËɯÞÐÛÏɯƙƔƔɷϟÓɯ%ÖÙÔÈËÌÏàËÌɯÍÖÙɯƙɷÔÐÕɯÈÛɯƘɷȘ"ȭɯ3ÏÌɯÙÌÈÊÛÐÖÕɯÞÈÚɯ
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terminated by the addition of Glycine tÖɯÈɯÍÐÕÈÓɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯƕƖƙɷÔ,ɯÈÕËɯÐÕÊÜÉÈÛÌËɯ

ÖÕɯÐÊÌɯÍÖÙɯƙɷÔÐÕȭɯ"ÌÓÓÚɯÞÌÙÌɯÛÙÈÕÚÍÌÙÙÌËɯÛÖɯÈɯƕƙɷÔÓɯÍÈÓÊÖÕɯtube and centrifuged at 

ƗȮƔƔƔɷÙȭ×ȭÔȭɯÍÖÙɯƙɷmin. "ÌÓÓÚɯÞÌÙÌɯÓàÚÌËɯÉàɯÈËËÐÕÎɯƕɷÔÓɯÊÌÓÓɯÓàÚÐÚɯÉÜÍÍÌÙɯȹƖƙɷÔ,ɯ3ÙÐÚɯ×'ɯ

ƛȭƙȮɯƕƙƔɷÔ,ɯ-È"ÓȮɯƕɷÔ,ɯ$#3 Ȯɯƕǔɯ3ÙÐton X-100, 0.1% SDS) and incubated on ice for 

ƕƔɷÔÐÕȭɯ+àÚÈÛÌÚɯÞÌÙÌɯÌØÜÐÓÐÉÙÈÛÌËɯÐÕɯƕɷÔÓɯÐÔÔÜÕÖ×ÙÌÊÐ×ÐÛÈÛÐÖÕɯbuffÌÙɯȹ(/!ȺɯȹƙƔɷÔ,ɯ3ÙÐÚɯ

×'ɯƛȭƙȮɯƕƙƔɷÔM NaCÓȮɯƕɷÔ,ɯ$#3 Ȯɯƕǔɯ3ÙÐÛÖÕɯ7-ƕƔƔȺɯÈÕËɯÚÖÕÐÊÈÛÌËɯÛÏÙÌÌɯÛÐÔÌÚɯÍÖÙɯƗƔɷÚȭɯ

2ÈÔ×ÓÌÚɯÞÌÙÌɯÊÌÕÛÙÐÍÜÎÌËɯÈÛɯƕƖȮƔƔƔɷÙȭ×.ÔȭɯËÜÙÐÕÎɯƕƔɷÔÐÕȭɯ ÕɯÈÓÐØÜÖÛɯȹƗƔɷϟÓȺɯÞÈÚɯÚÈÝÌËɯ

ÍÖÙɯÊÖÕÛÙÖÓɯÐÕ×ÜÛɯ#- ȭɯƙɷϟÎɯÈÍÍÐÕÐÛàɯ×ÜÙÐÍÐÌËɯÈÕÛÐ-HSF1 antibody (Bethyl)43 was added 

and samples werÌɯÐÕÊÜÉÈÛÌËɯÖÝÌÙÕÐÎÏÛɯÈÛɯƘɷȘ"ɯÞÐÛÏɯÊÖÕÚÛÈÕÛɯÙÖÊÒÐÕÎȭɯ/ÙÖÛÌÐÕɯ&ɯÈÎÈÙÖÚÌɯ

beads were added and incubatÌËɯÍÖÙɯƘɷÏɯÈÛɯƘɷȘ"ȭɯ(ÔÔÜÕÖÊÖÔ×ÓÌßÌÚɯÞÌÙÌɯÞÈÚÏÌËȮɯÌÓÜÛÌËɯ

ÜÚÐÕÎɯÌÓÜÛÐÖÕɯÉÜÍÍÌÙɯȹƕƔɷÔ,ɯ3ÙÐÚ-'"ÓȮɯ×'ɯƜȮɯƕɷÔ,ɯ$#3 Ȯɯ×'ɯƜȮɯƕǔɯ2#2ȺȮɯÈÕËɯ

crosslinking was reversed aÛɯƚƙɷȘ"ɯÍÖÙɯƕƖɷÏȭɯ/ÙÖÛÌÐÕɯÞÈÚɯËÐÎÌÚÛÌËɯÉàɯÈËËÐÛÐÖÕɯÖÍɯƙɷϟÓɯ

Proteinase K aÕËɯÐÕÊÜÉÈÛÌËɯÈÛɯƗƛɷȘ"ɯÍÖÙ ƖɷÏȭɯ"ÏÙÖÔÈÛÐÕɯÞÈÚɯ×ÜÙÐÍÐÌËɯÜÚÐÕÎɯÛÏÌɯ0ÐÈØÜÐÊÒɯ

min -elute PCR purification kit (Qiagen) per the manuÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ28!1ɯÎÙÌÌÕɯ

quantitative PCR was cÈÙÙÐÌËɯÖÜÛɯÖÕɯ×ÜÓÓËÖÞÕɯÈÕËɯÐÕ×ÜÛɯÚÈÔ×ÓÌÚɯÈÕËɯÛÏÌɯͅ"ÛɯÔÌÛÏÖËɯ

was used to determine relative amounts of DNA. Binding of HSF1 was evaluated using 

primers spanning the heat shock element of the Hsp70 geÕÌɯ×ÙÖÔÖÛÌÙɯƙɛ-

TGACCTTTCCTGTCCATTCC-ƗɛɯÈÕËɯƙɛ-CAGATCTGGGGTTAGCTGGA -ƗɛɯÈÕËɯÝÈÓÜÌÚɯ

were normalized against binding to the actin promo ter. 
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2.10.8 Immunoprecipitation assays37 

For HSF1 immunoprecipitation cell ly sates were prepared usinÎɯƙƔƔɷϟL of 1 × cell 

ÓàÚÐÚɯÉÜÍÍÌÙɯȹƖƔɷÔ,ɯ'$/$2ȮɯƙɷÔ,ɯ,Î"ÓƖȮɯƕɷÔ,ɯ$#3 ȮɯƕƔƔɷÔ,ɯ*"ÓȮɯƔȭƔƗǔɯ-/-40), 

ÐÕÊÜÉÈÛÌËɯÖÕɯÐÊÌɯƕƔɷÔÐÕɯÈÕËɯÊÌÕÛÙÐÍÜÎÌËɯÈÛɯƕƘȮƔƔƔɷÙȭ×ȭÔȭɯÍÖÙɯƕƔɷÔÐÕɯÈÛɯƘɷȘ"ȭɯ/ÙÖÛÌÐÕɯÞÈÚɯ

quantified by the bicinchoninic acid assay (BCA) method (Pierce) and all samples were 

ËÐÓÜÛÌËɯÛÖɯƕɷϟÎɷÔLǸƕȭɯ ÕɯÈÓÐØÜÖÛɯÖÍɯÛÏÌɯÊÌÓÓɯÓàÚÈÛÌɯȹƖƙɷϟL) was mixed with 6 × SDS, boiled 

ÈÛɯƝƙɷȘ"ɯÍÖÙ ƙɷÔÐÕɯÈÕËɯÚÜÉÑÌÊÛÌËɯÛÖɯÐÔÔÜÕÖÉÓÖÛɯÈÕÈÓàÚÐÚɯÛÖɯÝÈÓÐËÈÛÌɯ×ÙÖÛÌÐÕɯÓÌÝÌÓÚɯÜÚÌËɯ

for immunoprecipitation (referred as wh ole-cell extract). Samples were pre-cleared with 

ƙƔɷϟL Protein G Dynabeads (Life Technologies) to remove nonspecific interactions for 

ƙɷÏɯÈÛɯƘɷȘ"ȭɯ!ÌÈËÚɯÞÌÙÌɯÙÌÔÖÝÌËɯÜÚÐÕÎɯÈɯÔÈÎÕÌÛɯ#8- +ɯȹ(ÕÝÐÛÙÖÎÌÕȺȭɯ2ÈÔ×ÓÌÚɯÞÌÙÌɯ

transferred to a new tube and incubated ovÌÙÕÐÎÏÛɯÈÛɯƘɷȘ"ɯÐÕɯÛÏÌ ×ÙÌÚÌÕÊÌɯÖÍɯƙɷÜÎɯÈÕÛÐ-

HSF1 antibody (Bethyl)43 ÞÐÛÏɯÊÖÕÚÛÈÕÛɯÙÖÊÒÐÕÎȭɯƙƔɷϟL Protein G Dynabeads (Life 

Technologies) weÙÌɯÈËËÌËɯÛÖɯÛÏÌɯÚÈÔ×ÓÌÚɯÈÕËɯÐÕÊÜÉÈÛÌËɯÍÖÙɯƚɷÏɯÈÛɯƘɷȘ"ɯÞÐÛÏɯÊÖÕÚÛÈÕÛɯ

ÙÖÊÒÐÕÎȭɯ!ÌÈËÚɯÞÌÙÌɯÞÈÚÏÌËɯÞÐÛÏɯƔȭƕɷM Na-citrate pH 5.3 during 3 times and pull -down 

ÈÕÛÐÉÖËàɯÞÈÚɯÌÓÜÛÌËɯÐÕɯƙƔɷϟL Ɣȭƕɷ,ɯ-È-ÊÐÛÙÈÛÌɯ×'ɯƖȭɯ2ÈÔ×ÓÌɯÞÈÚɯÕÌÜÛÙÈÓÐáÌËɯÞÐÛÏɯƕƔɷϟÓɯ

ƕȭƙɷ,ɯ3ÙÐÚ-HCl pH  ƜȭƜȭɯ2ÈÔ×ÓÌɯÞÈÚɯÔÐßÌËɯÞÐÛÏɯƚɯǺɯ2#2ȮɯÉÖÐÓÌËɯÈÛɯƝƙɷȘ"ɯÍÖÙɯƙɷÔÐÕɯÈÕËɯ

subjected to immunoblotting. For HA -Ub immunoprecipitation cells lysates were 

×ÙÌ×ÈÙÌËɯÐÕɯƙƔƔɷϟL ÖÍɯƕɯǺɯÊÌÓÓɯÓàÚÐÚɯÉÜÍÍÌÙɯȹƙǔɯÎÓàÊÌÙÖÓȮɯƖƙɷÔ,ɯ3ÙÐÚ-'"Óɯ×'ɯƛȭƘȮɯƕƙƔɷÔ,ɯ

-È"ÓȮɯƕɷÔ,ɯ$#3 Ȯɯƕ% NP-ƘƔȺȮɯÐÕÊÜÉÈÛÌËɯÖÕɯÐÊÌɯËÜÙÐÕÎɯƕƔɷÔÐÕɯÈÕËɯÊÌÕÛÙÐÍÜÎÌËɯÈÛɯ

ƕƘȮƔƔƔɷÙȭ×ȭÔȭɯÍÖÙɯƕƔɷÔÐÕɯÈÛɯƘɷȘ"ȭɯ ÕÛÐ-HA magneti c beads (Thermo Scientific) were 
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ÐÕÊÜÉÈÛÌËɯÞÐÛÏɯ×ÙÖÛÌÐÕɯÚÈÔ×ÓÌÚɯÍÖÙɯƕɷÏɯÈÛɯÙÖÖÔɯÛÌÔ×ÌÙÈÛÜÙÌȭɯ$ÓÜÛÐÖÕɯÞÈÚɯÊÈÙried out in 

Ɣȭƕɷ,ɯ&ÓàÊÐÕÌɯ×'ɯƖȭƔɯÈÕËɯÚÈmples were neutralized using 1M Tris pH 8.5. For FBXW7-

FLAG tag immunoprecipitation cell lysates were prepare d ÐÕɯƙƔƔɷϟL of 1 × cell lysis 

ÉÜÍÍÌÙɯȹƙƔɷÔ,ɯ3ÙÐÚɯ×'ɯƛȭƘȮɯƕƔǔɯÎÓàÊÌÙÖÓȮɯƕƙƔɷÔ,ɯ-È"ÓȮɯƕɷÔ,ɯ$#3 ȮɯƕǔɯTriton X -100), 

ÐÕÊÜÉÈÛÌËɯÖÕɯÐÊÌɯËÜÙÐÕÎɯƕƔɷÔÐÕɯÈÕË centÙÐÍÜÎÌËɯÈÛɯƕƘȮƔƔƔɷÙ×ÔɯÍÖÙɯƕƔɷÔÐÕɯÈÛɯƘɷȘ"ȭɯ ÕÛÐ-

FLAG M2 magnetic beads (Sigma) were incubated with protei n samples overnight at 

ƘɷȘ"ȭɯ$ÓÜÛÐÖÕɯÞÈÚɯÊÈÙÙÐÌËɯÖÜÛɯÐÕɯƕɯǺɯ3$ȮɯƕƔǔɯ2#2ɯÈÛɯƚƙɷȘ"ɯÍÖÙɯƕƔɷÔÐÕȭ 

2.10.9 Mouse strains 37 

For this study we used a full -length knock-in mouse model of HD known as 

zQ175, which harbors a chimeric human/mouse exon 1 carrying an expansion of Ḑ175 

CAG repeats and the human poly-proline region , at 2, 6 and 12 months of age 

comparing to WT (C57BL/6) animals at the same age. Two females and two males were 

used for each genotype and age. %ÖÙɯÈÕÈÓàÚÐÚɯÖÕɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯ"*ƖϔɛɯÐÕɯÛÏÌɯ

HSFƕɯ×ÙÖÛÌÐÕɯÈÉÜÕËÈÕÊÌɯÞÌɯÖÉÛÈÐÕÌËɯ"*ƖϔɛɯÏÌÛÌÙÖáàÎÖÜÚɯÔÐÊÌɯ(CKƖϔɛȹǶɤǸȺ) males and 

ÍÌÔÈÓÌÚɯÍÙÖÔɯ#Ùɯ2ÌÓËÐÕȭɯ%ÖÙɯÖÜÙɯÈÕÈÓàÚÌÚɯÖÕɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯ"*ƖϔɛɯÐÕɯÛÏÌɯ

*(0ƕƛƙɯÉÈÊÒÎÙÖÜÕËɯȹ"ƙƛ!+ɤƚȺɯÞÌɯÊÙÖÚÚÌËɯÔÈÓÌÚɯ"*ƖϔɛȹǶɤǸȺ and females 

Htt (zQ175/+) generating ÛÏÌɯÍÖÜÙɯÎÌÕÖÛà×ÌÚȰɯ63ɯȹ"*Ɩϔɛ(+/+) Htt (+/+)), 

"*ƖϔɛȹǶɤǸ) ("*ƖϔɛȹǶɤǸȺ Htt (+/+)ȺȮɯ*(0ƕƛƙɯȹ"*Ɩϔɛ(+/+) Htt (zQ175/+)), 

*(0ƕƛƙɤ"*ƖϔɛȹǶɤǸȺ ȹ"*ƖϔɛȹǶɤǸȺ Htt (zQ175/+)). Animals were analyzed at 5 weeks and 6 months 

of age. Sample size was set to a minimum of three animals per genotype for every 
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analysis. For body weight  monitoring only males were evaluated. No randomization of 

animals was used in this study. The IACUC of Center of Animal Care and Use at Duke 

University approved the animal protocol used in this proje ct (approval number: A173-

14-07). 

2.10.10 Immunohistochemistry 37 

Mice were perfused (intracardiac) with tris -buffered saline ȹ3!2ȺɯȹƖƙɷÔ,ɯ3ÙÐÚ-

ÉÈÚÌȮɯƕƗƙɷÔ,ɯ-ÈCÓȮɯƗɷÔ,ɯ*"ÓȮɯ×'ɯƛȭƚȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƛȭƙɷϟ,ɯÏÌ×ÈÙÐÕɯÍÖÓÓÖÞÌËɯ

with 4% PFA in TBS as previously described197. Brains were dissected, fixed with 4% 

/% ɯÐÕɯ3!2ɯÈÛɯƘɷȘ"ɯÖÝÌÙÕÐÎÏÛȮɯÊÙàÖ×ÙÖÛÌÊÛÌËɯÞÐÛÏɯƗƔǔɯÚÜÊÙÖÚÌɯÐÕɯ3!2ɯÖÝÌÙÕÐÎÏÛɯÈÕËɯ

embedded in a 2:1 mixture of 30% sucrose in TBS:OCT (Tissue-Tek). Brains were cryo-

ÚÌÊÛÐÖÕÌËɯÈÛɯƖƔɷϟÔɯÜÚÐÕÎɯÈɯ+ÌÐÊÈɯ",ƗƔƙƔ2ȮɯÞÈÚÏÌËɯÈÕËɯ×ÌÙÔÌÈÉÐÓÐáÌËɯÐÕ TBS with 0.2% 

Triton X -100 (TBST). Sections were blocked in 5% normal goat serum (NGS) in TBST for 

ƕɷÏɯÈÛɯÙÖÖm temperature. Primary antibodies were diluted in 5% NGS in TBST: mouse 

anti-1C2 (mHtt) 1:500 (Millipore), rat anti -HSF1 1:500 (Enzo SPA-950-F), rabbit anti -

HSF1-S303-P 1:1,000 (Ab47369), rabbit anti- "*Ɩϔɛɯȹ$ /ƔƙƔƙȺɯȹ$ÓÈÉÚÊÐÌÕÊÌȺɯƕȯƖƔƔȮɯÙÈÛɯ

anti-Darpp32 (R&D Systems) 1:1,000, mouse anti-Glutamine Synthetase (BD Biosciences 

610517) 1:1,000, rat anti-CD68 (clone FA-11) (BioLegend 137002) 1:1,000, mouse anti-

NeuN (clone A60) (Millipore MAB377) 1:1,000, mouse anti-Fox1P (JC12) (Abcam) 1:500, 

rat anti -Ctip2 (AbÊÈÔȺɯƕȯƙƔƔȭɯ2ÌÊÛÐÖÕÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÖÝÌÙÕÐÎÏÛɯÈÛɯƘɷȘ"ɯÞÐÛÏɯ×ÙÐÔÈÙàɯ

antibodies. Secondary Alexa-fluorophore -conjugated antibodies (Invitrogen) were  
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ÈËËÌËɯȹƕȯƖƔƔɯÐÕɯ3!23ɯÞÐÛÏɯƙǔɯ-&2ȺɯÍÖÙɯƖɷÏɯÈÛɯÙÖÖÔɯÛÌÔ×ÌÙÈÛÜÙÌȭɯ2ÓÐËÌÚɯÞÌÙÌɯÔÖÜÕÛÌËɯ

in Vectashield with DAPI ( Vector laboratories), and images acquired on a confocal laser-

scanning microscope (Leica SP5). 

2.10.11 Synapse quantification in mouse brain sections 37 

Three independent coronal brain sections were used for each mouse, containing 

the dorsal striatum (bregma 0.5ɬƕȭƕɷÔÔȺɯÈÕËɯÞÌÙÌɯÚÛÈÐÕÌËɯÞÐÛÏɯ×ÙÌÚàÕÈ×ÛÐÊɯ5&ÓÜÛƕɯÖÙɯ

VGlut2 (Chemicon, anti-guinea pig, 1:500) and postsynaptic PSD95 (Zymed, Rabbit, 

1:500) markers as described previously49. Secondary antibodies used were goat anti-

guinea pig Alexa 488 (VGlut1/2) dilution 1:200 and goat anti -rabbit Alex 594 (PSD95) 

dilution 1:200 (Invitrogen). Three mice for each genotype; 63Ȯɯ"*ƖϔɛȹǶɤǸȺ, KIQ175 and 

*(0ƕƛƙɤ"*ƖϔɛȹǶɤǸȺ, were evaluated in a double-blinded fashion.  3ÏÌɯƙɷϟÔ-thick confocal 

ÚÊÈÕÚɯȹÖ×ÛÐÊÈÓɯÚÌÊÛÐÖÕɯËÌ×ÛÏɯƔȭƗƗɷϟÔȮɯƕƙɯÚÌÊÛÐÖÕÚɯ×ÌÙɯÚÊÈÕȮɯÐÔÈÎÌËɯÈÙÌÈɯ×ÌÙɯ

ÚÊÈÕǻƖƔȭƝƘƙɷϟÔ2) of the synaptic zone in dorsal striatum were perf ormed at 63 × 

magnification on a Leica SP5 confocal laser-scanning microscope. Maximum pr ojections 

ÖÍɯÛÏÙÌÌɯÊÖÕÚÌÊÜÛÐÝÌɯÖ×ÛÐÊÈÓɯÚÌÊÛÐÖÕÚɯȹÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯƕɷϟÔɯËÌ×ÛÏȺɯÞÌÙÌɯÎÌÕÌÙÈÛÌËȭɯ3ÏÌɯ

Puncta Analyzer Plugin f or ImageJ was used to enumerate co-localized synaptic puncta. 

This assay takes the advantage of the fact that presynaptic and postsynaptic proteins 

reside in separate cell compartments (axons and dendrites, respectively), and they 

would appear to co -localize at synapses because of their close proximi ty. The number of 

animals used in our study wa s 12 mice for each genotype group and sex. At least 5 
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optical sections per brain section and at least 3 brains sections per animal were analyzed, 

making a total of 45ɬ60 image data sets per brain region in each genotype/age. 

2.10.12 Golgi Cox staining and dendriti c spine analysis 37 

&ÖÓÎÐɯ"ÖßɯÚÛÈÐÕÐÕÎɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÖÕɯ63Ȯɯ"*ƖϔɛȹǶɤǸȺ, KIQ175 and 

*(0ƕƛƙɤ"*ƖϔɛȹǶɤǸȺ mice (three mice per genotype) using FD Rapid GolgiStain Kit (FD 

NeuroTechnologies). Dye-impregnated brains were embedded in Tissue Freezing 

Medium (TFM, TBS), rapidly frozen on ethanol pretreated with dry ice, cryo -sectioned 

ÊÖÙÖÕÈÓÓàɯÈÛɯƖƔƔɷϟÔɯÛÏÐÊÒÕÌÚÚɯÈnd mounted on gelati n-coated microscope slides 

(Southern Biotech). Sections were stained according to directions provided by the 

manufacturer. Sections that contain the dorsal striatum were imaged and MSNs in the 

striatum were identified by their morpholog y. Secondary and tertiary apical dendrites 

were imaged for spine analysis as follows: z-ÚÛÈÊÒÚɯȹƗƔɷϟÔɯÛÖÛÈÓɯÖÕɯá-axis, single section 

ÛÏÐÊÒÕÌÚÚǻƔȭƙɷϟÔȺɯÖÍɯ&Ölgi -stained dendrites were taken at 63 × magnification on a Zeiss 

AxioImager M1 microscope. A series of TIFF files corresponding to each image stack 

were loaded into the Reconstruct programmed  and spine analyses performed as 

previously described 197,212. The classification of spines is based on width, length, and 

length:width ratio m easurements taken using the Reconstruct software; RRID:nif-0000-

23420) designed and validated212. Spines were identified and classified by choosing 

ƕƔɷϟÔɯÚÌgments of dendrites and identified on selected dendritic stretches. The z-length 

(spine length) and spine head width were measured for each spine. Measurements were 
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exported to a custom Microsoft Excel macro that was used to classify spines based on 

the wi dth, length, and length:width ratio measurements taken in Reconstruct. Spines 

were categorized based on the following hierarchical criteria: (1) more than one spine 

ÏÌÈËǻȿÉÙÈÕÊÏÌËɯÚ×ÐÕÌȮɀɯȹƖȺɯÏÌÈËɯÞÐËÛÏǿƔȭƛɷϟÔǻȿÔÜÚÏÙÖÖÔɯÚ×ÐÕÌȮɀɯȹƗȺɯ

ÓÌÕÎÛÏǿƖɷϟÔǻȿÍÐÓÖ×ÖËÐÈȮɀ ȹƘȺɯÓÌÕÎÛÏȯÞÐËÛÏɯǿƕǻȿÛÏÐÕɯÚ×ÐÕÌȮɀɯÈÕËɯȹƙȺɯÓÌÕÎÛÏȯÞÐËÛÏɯ

ȀƕǻȿÚÛÜÉÉàɯÚ×ÐÕÌȭɀɯ!ÙÈÕÊÏÌËɯÈÕËɯÔÜÚÏÙÖÖÔɯÚ×ÐÕÌÚɯÞÌÙÌɯÐËÌÕÛÐÍÐÌËɯÈÚɯÔÈÛÜÙÌɯÚ×ÐÕÌÚȮɯ

thin and stubby spines were categorized as intermediate spines, and filopodia were 

classified as immature spines. Statistical analyses of changes in spine density, length, 

width and spine type were conducted in the Statistica program  (StatSoft): A total of 3 

animals per genotype, 15 dendrites per animal, 45 dendrites per genotype were 

analyzed in MSNs in the dor sal striat um in a blinded fashion. The number of spines 

analyzed per neuron type per age per genotype exceeded 1,000. 

2.10.13 Human samples 37 

HD Brain tissues were obtained from three independent sources; from Banc de 

Teixits Neurologics Biobanc Hospital Clinic -IDIBAP S (Barcelona Brain Bank) via Dr 

Isidre Ferrer213 following the guidelines of the local ethics committees; from Duke 

Kathleen Price Bryan Brain Bank and from Harvard Brain Ti ssue Resource Center. Cases 

with and without clini cal neurological disease were processed in the same way 

following the  same sampling protocols. Control and HD cases were compared pairwise 

for sex, age and postmortem timeȭɯ!ÙÈÐÕɯÛÐÚÚÜÌɯÞÈÚɯÏÖÔÖÎÌÕÐáÌËɯÐÕɯƖƙɷÔ,ɯ3ÙÐÚ-HCl pH 
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ƛȭƘȮɯƕƙƔɷÔ,ɯ-È"ÓȮɯƕɷÔ,ɯ$#3 ȮɯƔȭƕǔ SDS, 1% Triton X-100. Extra SDS was added to the 

suspension to a final concentration of 2% (w per v) and heated aÛɯƝƙɷȘ"ɯÍÖÙɯƙɷÔÐÕȭɯ3ÏÌɯ

homogenate was sonicated 3 times 4ƙɷÚeconds ÖÕɯÐÊÌȮɯÊÌÕÛÙÐÍÜÎÌËɯÈÛɯƕƖȮƔƔƔɷÙȭ×ȭÔȭɯÍÖÙɯ

ƕƔɷÔÐÕɯÈÕËɯ×ÙÖÛÌÐÕɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯËetermined using the BCA pr otein quantification 

assay (Pierce). A total ÖÍɯƚƔɷϟÎɯ×ÙÖÛÌÐÕɯÞÈÚɯÓÖÈËÌËɯÖÕÛÖɯ2#2ɬPAGE for imm unoblotting.  

2.10.14 mHtt expression and aggregation analys is37 

Protein samples from mouse striatum at 6 months were prepared in cell lysis 

ÉÜÍÍÌÙɯȹƖƙɷÔ,ɯ3ÙÐÚɯ×'ɯƛȭƘȮɯƕƙƔɷÔM NaCl, ƕɷÔ,ɯ$#3 Ȯɯƕǔɯ3ÙÐÛÖÕ X-100 and 0.1% SDS). 

Extra SDS was added to the suspension to a final concentration of 2% (w per v) and 

lysates heated ÈÛɯƝƙɷȘ"ɯÍÖÙɯƙɷÔÐÕɯÛÖɯÚÖÓÜÉÐÓÐáÌɯÛÐÚÚÜÌȭɯ3ÖÛÈÓɯÛÐÚÚÜÌɯÏÖÔÖÎÌÕÈÛÌɯÞÈÚɯÛÏÌÕɯ

ÚÖÕÐÊÈÛÌËɯÛÏÙÌÌɯÛÐÔÌÚɯƘƙɷÚeconds on ice anËɯÊÌÕÛÙÐÍÜÎÌËɯÈÛɯƕƖȮƔƔƔɷÙȭ×ȭÔȭɯÍÖÙɯƕƔɷÔÐÕȭɯ

Samples were subjected to immunoblotting using a 7.5% stain-free criterion gel and 

transferred in to PDVF membrane under semi-ËÙàɯÊÖÕËÐÛÐÖÕÚɯÍÖÙɯƕɷÏɯÈÛɯƕƙɷ5ȭɯ63ɯÈÕËɯ

mutant Htt expression and Htt aggregates were visualized using the Anti -Htt antibody 

Mab2166 (Millipore). Analysis of Htt -Q74 aggregation in the presence of TID43 kinase 

inhibitor in PC12 cells was assessed by fluorescence microscopy. Htt-Q74-GFP 

expressing cells were seeded into a 6-well plate and treatÌËɯÞÐÛÏɯÌÐÛÏÌÙɯ#,2.ɯÖÙɯƕɷϟ,ɯ

3(#ƘƗɯÍÖÙɯƚɷÏɯÉÌÍÖÙÌɯƕƔɷϟÎɷÔÓǸƕ ËÖßàÊàÊÓÐÕÌɯÍÖÓÓÖÞÌËɯÉàɯÈɯƘƜɷÏɯÐÕÊÜÉÈÛÐÖÕȭɯ"ÌÓÓÚɯÞÌÙÌɯ

heat shocked for ƕɷÏɯÈÛɯƘƖɷȘ". Fluorescence was analysed using a Zeiss Axio Observer 

Fluorescence microscope. For quantification of fluorescence microscopy, Ḑ500 cells were 
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counted for each treatment. The number of cells containing aggregates was calculated as 

a percentage of the total number of cell counted. Analysis of Htt aggregation in the Htt -

Q74 cell line was analysed by immunoblot ting. Cells were seeded (5 × 105 cells per well) 

into a 6-ÞÌÓÓɯ×ÓÈÛÌɯÈÕËɯÛÙÌÈÛÌËɯÞÐÛÏɯ#,2.Ȯɯ2!ƖƕɯÖÙɯ3(#ƘƗɯȹƕɷϟ,ȺɯÍÖÙɯƚɷÏɯÉÌÍÖÙÌɯ

ƕƔɷϟÎɷÔLǸƕ doxycycli ne ÐÕËÜÊÛÐÖÕɯÍÖÙɯƗɯËÈàÚȭɯ"ÌÓÓÚɯÞÌÙÌɯÏÌÈÛɯÚÏÖÊÒÌËɯÍÖÙɯƕɷÏɯÈÛɯƘƖɷȘ"ɯ

ÍÖÓÓÖÞÌËɯÉàɯƚɷÏɯÙÌÊÖÝÌÙàɯÈÛɯƗƛɷȘ"ȭɯ$ßÛÙÈÊÛs were pÙÌ×ÈÙÌËɯÐÕɯÊÌÓÓɯÓàÚÐÚɯÉÜÍÍÌÙɯȹƖƙɷÔ,ɯ3ÙÐÚɯ

pH 7.ƘȮɯƕƙƔɷÔ,ɯ-È"ÓȮɯƕɷÔ,ɯ$#3 Ȯɯƕǔɯ3ÙÐÛÖÕ-X100 and 0.1% SDS), and soluble and 

insoluble fr actions were separated by centrifugation and analysed by immunoblotting 

using GFP antibody as marker for Htt -Q74-GFP presence in the pellet fraction. A filter 

retardation assay was carried out on striatum samples from 6-month -old  WT, KIQ175, 

"*ƖϔɛǶɤǸ and KIQ175/CK2ϔɛ+ɤǸ ÔÐÊÌȭɯ3ÖÛÈÓɯÛÐÚÚÜÌɯ×ÙÖÛÌÐÕɯÌßÛÙÈÊÛɯȹƕƛƙɷϟÎɯ×ÙÖÛÌÐÕȺɯÞÈÚɯ

loaded onto a cellulose acetate membrane and probed for Htt aggregation with Mab2166 

(Millipore) and  in parallel samples were loaded onto nitrocellulose membrane to probe 

for GAPDH as l oading control. 

2.10.15 Protein expression and purification 37 

A DNA cassette encoding a codon-optimized human HSF1 was sub-cloned into 

the pET15b expression vector containing an amino-terminal His 6 tag using NdeI and 

XhoI to generate hHSF1-pET15b. The resulting plasmid was transformed into  Escherichia 

coli strain BL21(DE3). Overnight cultures w ere diluted 1:100 and grown to OD600=0.6 at 

3ƛɷȘ"ȭɯ"ÜÓÛÜÙÌÚɯÞÌÙÌɯÛÙÈÕÚÍÌÙÙÌËɯÛÖɯƕƙɷȘ"ȮɯÐÕËÜÊÌËɯÞÐÛÏɯƕɷÔ,ɯÐÚÖ×ÙÖ×àÓɯƕ-thio -ϕ-D-



 

99 

ÎÈÓÈÊÛÖ×àÙÈÕÖÚÐËÌȮɯÈÕËɯÎÙÖÞÕɯÍÖÙɯƕƚɷÏȭɯ"ÌÓÓɯ×ÌÓÓÌÛÚɯÞÌÙÌɯÓàÚÌËɯÐÕɯÕÐÊÒÌÓ-nitrilotriacetic 

ÈÊÐËɯÉÜÍÍÌÙɯȹ-!ȯɯƙƔɷÔ,ɯ'$/$2Ȯɯ×'ɯƛȭƙȮɯƗƔƔɷÔ,ɯ-È"ÓȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƖƔɷÔ,ɯ

imidazole HCl (Im -HCl), using sonication three times with 30  second bursts. Lysates 

were cleared by centrifugation at 20,000xg ÍÖÙɯƗƔɷÔÐÕɯÈÕËɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯƖɷÔÓɯȹÉÌËɯ

volume) of nickel -nitrilotriacetic acid -agarose beads (Qiagen) per liter of culture. Beads 

were washed twice with NB  plus ƘƔɷÔ,ɯ(Ô-HCl, twice with NB supplemented with 

ƘƔɷÔ,ɯ(Ô-'"ÓȮɯƙɷÔ,ɯ 3/ȮɯÈÕËɯƖƔɷÔ,ɯ,Î"Ó2, and once witÏɯ-!ǶƘƔɷÔ,ɯ(Ô-HCl. 

!ÖÜÕËɯ×ÙÖÛÌÐÕɯÞÈÚɯÌÓÜÛÌËɯÞÐÛÏɯ-!ǶƖƙƔɷÔ,ɯ(Ô-HCl. Eluted proteins were s eparated on 

a Sephacryl S400 (GE Healthcare) gel filtration column using an ÄKTA FPLC (GE 

'ÌÈÓÛÏÊÈÙÌȺɯÈÛɯÈɯÍÓÖÞɯÙÈÛÌɯÖÍɯƕȭƗɷÔÓɯ×ÌÙɯÔÐÕɯÐÕɯƖƙɷÔ,ɯ'$/$2Ȯɯ×'ɯƛȭƙȮɯÈÕËɯƕƙƔɷmM NaCl 

at 4 ʁ"ȭɯ%ÙÈÊÛÐÖÕÚɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯ'2%ƕɯÔÖÕÖÔÌÙɯÈÕËɯ'2%ƕɯÛÙÐÔÌÙɯÞÌÙÌɯÊÖÓÓÌÊÛÌËȮɯ

×ÖÖÓÌËȮɯÊÖÕÊÌÕÛÙÈÛÌËɯÈÕËɯÈÓÐØÜÖÛÌËɯÈÛɯƕƔɷϟ,ɯȹḐƔȭƚɷÔÎɷÔLǸƕ), flash-frozen in N 2, and 

ÚÛÖÙÌËɯÈÛɯǸƜƔɷȘ"ȭɯ&23-"*ƖϔɯÈÕËɯ&23-"*ƖϔɛɯÌß×ÙÌÚÚÐÖÕɯÝÌÊÛÖÙÚɯÞÌÙÌɯ×ÜÙÊÏÈÚÌËɯÍÙÖÔɯ

Addg ene (pDB1 #27083 and pDB6 #27084, respectively). Vectors were transformed 

into  E. coli strain BL21 (DE3). Overnight cultures were dil uted 1:100, grown to OD600=0.6 

ÈÛɯƗƛɷȘ"ɯÈÕËɯÐÕËÜÊÌËɯÞÐÛÏɯƕɷÔ,ɯÐÚÖ×ÙÖ×àÓɯƕ-thio -ϕ-D-ÎÈÓÈÊÛÖ×àÙÈÕÖÚÐËÌɯÍÖÙɯƙɷÏɯÈÛɯƗƛɷȘ"ȭɯ

Cell ×ÌÓÓÌÛÚɯÞÌÙÌɯÓàÚÌËɯÐÕɯ&23ɯÌØÜÐÓÐÉÙÈÛÐÖÕɯÉÜÍÍÌÙɯȹƙƔɷÔ,ɯ3ÙÐÚȮɯƕƙƔɷÔ,ɯÚÖËÐÜÔɯ

chloride, pH 8.0) supplemented, using sonication three timÌÚɯÞÐÛÏɯƗƔɷÚɯÉÜÙÚÛÚȭɯ+àÚÈÛÌÚɯ

were cleared by centrifugation at 20,000gÍÖÙɯƗƔɷÔÐÕɯÈÕËɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯƖɷÔÓɯȹÉÌËɯ

volume) of Gl utathione agarose beads (Pierce) per liter of culture. Beads were washed 
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twice with equi libration buffer and GST -CK2 subunits eluted with equilibration buffer 

ȹƙƔɷÔ,ɯ3ÙÐÚȮɯƕƙƔɷÔ,ɯÚÖËÐÜÔɯÊÏÓÖÙÐËÌȮɯ×'ɯƜȭƔȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔɷÔ,ɯÙÌËÜÊÌËɯ

Glutathione. Eluted ×ÙÖÛÌÐÕÚɯÞÌÙÌɯÊÖÕÊÌÕÛÙÈÛÌËɯÜÚÐÕÎɯƙȮƔƔƔɷ,6".ɯÊÌÕÛÙÐÊÖÕȮɯÈÓÐØÜÖÛÌËɯ

(ḐƙɷÔÎɷÔLǸƕ), flash-frozen in N 2 ÈÕËɯÚÛÖÙÌËɯÈÛɯǸƜƔɷȘ"ȭ 

2.10.16 In vitro  phosphorylation of HSF1 by CK2 37 

Quantification o f the specific activity (U per ml) of GST-"*Ɩϔɯȹ ËËÎÌÕÌɯ×#!ƕ-

27083) and GST-C*Ɩϔɛɯȹ ËËÎÌÕÌɯ×#!ƚ-27084) purified recombinant enzymes was 

performed using casein kinase assay kit (CycLex) and commercial CK2 holoenzyme 

(New England Biolabs) as positive control  for phosphorylation. Quantification was 

carried out following per manufacture's instructions. Purified recombinant human HSF1 

ÛÙÐÔÌÙɯȹƕɷϟÎȺɯÞÈÚɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯÙÌÊÖÔÉÐÕÈÕÛɯ"*Ɩɯȹ'ÖÓÖÌÕáàÔÌɯÖÙɯ&23ɯ×ÜÙÐÍÐÌËɯ

subunits "*ƖϔɯÖÙɯ"*ƖϔɛȺɯÞÐÛÏɯƙȮƔƔƔɷ4ɷÔÓǸƕ. As negative controls for the assay we used 

ÚÈÔ×ÓÌÚɯÞÐÛÏÖÜÛɯ 3/ɯÖÙɯÚÈÔ×ÓÌÚɯÞÐÛÏÖÜÛɯÌÕáàÔÌȭɯ3ÏÌɯÙÌÈÊÛÐÖÕɯÞÈÚɯÊÈÙÙÐÌËɯÖÜÛɯÈÛɯƗƛɷȘ"ɯ

durÐÕÎɯƗƔɷÔÐÕɯȹÊÖÕÛÙÖÓɯÊÖÕËÐÛÐÖÕÚȺɯÖÙɯÈÛɯƗƛɷȘ"ɯËÜÙÐÕÎɯƖƔɷÔÐÕɯÍÖÓÓÖÞÌËɯÉàɯƕƔɷÔÐÕɯÈÛɯƘƖɷȘ"ɯ

(Heat shock conditions). 6x SDS was added and boiÓÌËɯÍÖÙɯƖɷÔÐÕɯÛÖɯÛÌÙÔÐÕÈÛÌɯÛÏÌɯ

reaction. Samples were analyzed by phospho-proteomics. 

2.10.17 Immunoblot analysis 37 

Protein samples were separated on 4ɬ20% SDS Criterion TGX Stain-Free gels 

ȹ!ÐÖ1ÈËȺɯÈÛɯƕƕƔɷ5ȭɯ/ÙÖÛÌÐÕÚɯÞÌÙe transferred to a nitrocellulose membrane (BioRad 

ƔȭƖɷϟÔȺɯÐÕɯ3ÙÐÚɬGlycine !ÜÍÍÌÙɯȹƖƙɷÕ,ɯ3ÙÐÚ-!ÈÚÌȮɯƖƔƔɷÔ,ɯ&ÓàÊÐÕÌȺɯÈÛɯƖƙɷ5ɯÍÖÙɯƗƔɷÔÐÕɯÐÕɯ
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Trans Turbo Transfer system (BioRad). The membrane was blocked with 5% non-fat dry 

milk in TBS containing 0.25% Tween-ƖƔɯȹ3!23ȺɯÍÖÙɯƕɷÏɯÈÛɯÙÖÖÔɯÛÌÔ×ÌÙÈÛÜÙÌȮɯÐÕÊÜÉÈÛÌËɯ

with primary antibodies 1: ƕȮƔƔƔɯÐÕɯ3!23ɯÊÖÕÛÈÐÕÐÕÎɯƖȭƙǔɯÔÐÓÒɯÖÝÌÙÕÐÎÏÛɯÈÛɯƘɷȘ"ȮɯÈÕËɯ

then washed 3 timeÚɯÍÖÙɯƕƙɷÔÐÕɯÌÈÊÏɯÐÕɯ3!23ɯÍÖÓÓÖÞÌËɯÉàɯÐÕÊÜÉÈÛÐÖÕɯÞÐÛÏɯÚÌÊÖÕdary 

Amersham ECL HRP Conjugated Antibodies 1:5,000 in TBST containing 2.5% milk (GE 

'ÌÈÓÛÏÊÈÙÌȺɯÍÖÙɯƕɷÏɯÈÛɯÙÖÖÔɯÛÌÔ×ÌÙÈÛure. After washing three times  ÍÖÙɯƕƙɷÔÐÕɯÌÈÊÏɯÐÕɯ

TBST bands were detected with SuperSignal Chemiluminiscent substrate (Thermo 

Scientific). Primary antibodies used in this study wer e used at 1:1,000 and are: anti-

FLAG (M2, Sigma), anti-HA (Y -11, Santa Cruz), anti-Pgk1 (22C5, Invitrogen), anti-

GAPDH (6C5, Santa Cruz), anti-GFP (Sc8334, Santa Cruz), rabbit anti-HSF1 (Bethyl)43, 

rat anti -HSF1 (10H8, Enzo), anti-HSF1-S303P (Ab47369, Abcam), anti-HSF1-S307 

(sc135640, Santa Cruz), anti-Hsp70 (C92F3A-5, Enzo), anti-Hsp25 (ADI -SPA-801-F, 

Enzo), anti-"*Ɩϔɯȹ ÉƚƔƘƔ, Abcam), anti-"*Ɩϔɛɯȹ ÉƛƙƗƔƝȮɯ ÉÊÈÔȺȮ anti-"*Ɩϕɯȹ ÉƚƔƖƙȮɯ

Abcam), anti-FBXW7 (Ab109617, Abcam), anti-Htt (Mab2166, Chemicon) and (Mab1574, 

Millipore). Anti -Hsp60 (SPA-807, Stressgene), anti-Hsp90 (ADI -SPA-846F, Enzo), anti-

Erdj3 (C-7, Santa Cruz), anti-HspÉƙɯϔϕ-Crystallin (F -10, Santa Cruz), anti -Bag3 (ALX-

803-323-C100, Enzo Life Sciences), anti-AR (N -20, sc816, Santa Cruz), anti -panGsk3 (IH8, 

Santa Cruz). 
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2.10.18 C. elegans experiments 37 

All Caenorhabditis elegans strains were maintained on normal growth media 

seeded with E. coli OP50 until required for experiments. To perform  RNAi against kin -3, 

E. coli HT115 expressing kin-3 double-stranded RNA or the vector L4440 (control) was 

ÊÜÓÛÜÙÌËɯÐÕɯ+!ɯÉÙÖÛÏɯÊÖÕÛÈÐÕÐÕÎɯÈÔ×ÐÊÐÓÓÐÕɯȹƙƔɷϟÎɷÔÓǸƕȺɯÍÖÙɯƜɷh. Cultures were 

concentrated (10 × ) and seeded onto normal growth media plates containing isopropyl -

1-thio -ϕ-D-ÎÈÓÈÊÛÖ×àÙÈÕÖÚÐËÌɯȹƗɷÔ,ȺɯÈÕËɯÈÔ×ÐÊÐÓÓÐÕɯȹƙƔɷϟÎɷÔÓǸƕ). Plates were incubated 

ÖÝÌÙÕÐÎÏÛɯÈÛɯƗƛɷȘ"ɯÈÕËɯÈÓÓÖÞÌËɯÛÖɯÊÖÖÓɯÉÌÍÖÙÌɯ×ÓÈÛÐÕÎɯÈÕÐÔÈÓÚȭɯ%ÖÙɯeach strain, Q37::YFP 

(rmIs225[Punc-54::q37::yfp]II) and Q37::YFP;hsf-1(sy441) (from Dr. Morimoto, 

Northwestern University), L4s were plated on RNAi p lates and grown for a total of 5 

ËÈàÚɯÈÛɯƖƔɷȘ"ȭɯ3Öɯ×ÙÌÝÌÕÛɯ×ÙÖÎÌÕàɯÍÙÖÔɯÊÖÕÛÈÔÐÕÈÛÐÕÎɯ×ÓÈÛÌÚȮɯÈÕÐÔÈÓÚɯÞÌÙÌ transferred 

every two days. 

2.10.19 Phosphoproteomic analysis 37 

Phosphoproteomic analysis was performed by the Proteomics and Metabolomics 

Shared Resource at Duke University. Protein samples were mixed with loading buffer 

and reduced wÐÛÏɯƕƔɷÔ,ɯ#33ɯÈÛɯƛƔɷȘ"ɯÍÖÙɯƕƔɷÔÐÕɯÉÌÍÖÙÌɯ2#2ɬPAGE separation on a 4ɬ

12% bis-tris acrylami de gel (NuPAGE, Invitrogen) with colloidal Coomassie staining. 

Bands corresponding to HSF1 were excised and subjected to standardized in-gel trypsin 

digestion (http://www.genome.duke.edu/cores/proteomics/sa mple-

preparation/ documents/In-gelDigestionProtocol revised.pdf). Extracted peptides were 
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lyophÐÓÐáÌËɯÛÖɯËÙàÕÌÚÚɯÈÕËɯÙÌÚÜÚ×ÌÕËÌËɯÐÕɯƕƖɷϟÓɯÖÍɯƔȭƖǔɯÍÖÙÔÐÊɯÈÊÐËɤƖǔɯÈÊÌÛÖÕÐÛÙÐÓÌȭɯ

Phosphopeptides were enriched using GL Biosciences p10 TiO2-derivatized tips 

according to the manuf aÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ$ÈÊÏɯÚÈÔ×ÓÌɯÞÈÚɯÚÜÉÑÌÊÛÌËɯÛÖɯ

chromatographic separation oÕɯÈɯ6ÈÛÌÙÚɯ-ÈÕÖ ØÜÐÛàɯ4/+"ɯÌØÜÐ××ÌËɯÞÐÛÏɯÈɯƕȭƛɷϟÔɯ

BEH130 C18 ƛƙɷϟÔɯ(ȭ#ȭɯ7ɯƖƙƔɷÔÔɯÙÌÝÌÙÚÌd-phase column. The mobile phase consisted of 

ȹ ȺɯƔȭƕǔɯÍÖÙÔÐÊɯÈÊÐËɯÐÕɯÞÈÛÌÙɯÈÕËɯȹ!ȺɯƔȭƕǔɯÍÖÙÔÐÊɯÈÊÐËɯÐÕɯÈÊÌÛÖÕÐÛÙÐÓÌȭɯ%ÖÓÓÖÞÐÕÎɯÈɯƘɷϟÓɯ

injection, peptides were trapped ÍÖÙɯƗɷÔÐÕɯÖÕɯÈɯƙɷϟÔɯ2àÔÔÌÛÙàɯ"18 ƕƜƔɷϟÔɯ(ȭ#ȭɯ7ɯƖƔɷÔÔɯ

ÊÖÓÜÔÕɯÈÛɯƙɷϟÓɯ×ÌÙɯÔÐÕɯÐÕɯƝƝȭƝǔɯ ȭɯThe analytical column was then switched in -line and 

a liÕÌÈÙɯÌÓÜÛÐÖÕɯÎÙÈËÐÌÕÛɯÖÍɯƙǔɯ!ɯÛÖɯƘƔǔɯ!ɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÖÝÌÙɯƗƔɷÔÐÕɯÈÛɯƘƔƔɷÕÓɯ×ÌÙɯÔÐÕȭɯ

The analytical column was connected to a fused silica PicoTip emitter (New Objective, 

"ÈÔÉÙÐËÎÌȮɯ, ȺɯÞÐÛÏɯÈɯƕƔɷϟÔɯÛÐp orifice and coupled to a QExactive Plus mass 

spectrometer through an electrospray interface operating in a data-dependent mode of 

acquisition. The instrument was set to acquire a precursor MS scan from m/z 375ɬ1675 

with MS/MS spectra acquired for the ten  most abundant precursor ions. For all 

experiments higher-energy collisional dissociation (HCD) energy settings were 27v and 

ÈɯƕƖƔɷÚɯËàÕÈÔÐÊɯÌßÊÓÜÚÐÖÕɯÞÈÚɯÌÔ×ÓÖàÌËɯÍÖÙɯpreviously fragmented precursor ions.  

Raw LC-MS/MS data files were processed in Proteome Discoverer (Thermo 

Scientific) and then submitted to independent Mascot searches (Matrix Science) against a 

SwissProt database (Human taxonomy) containing both forward  and reverse entries of 

ÌÈÊÏɯ×ÙÖÛÌÐÕɯȹƖƔȮƗƖƖɯÍÖÙÞÈÙËɯÌÕÛÙÐÌÚȺȭɯ2ÌÈÙÊÏɯÛÖÓÌÙÈÕÊÌÚɯÞÌÙÌɯƙɷp.p.m. for precursor ions 
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ÈÕËɯƔȭƔƖɷ#ÈɯÍÖÙɯ×ÙÖËÜÊÛɯÐÖÕÚɯÜÚÐÕÎɯÛÙà×ÚÐÕɯÚ×ÌÊÐÍÐÊÐÛàɯÞÐÛÏɯÜ×ɯÛÖɯÛÞÖɯÔÐÚÚÌËɯÊÓÌÈÝÈÎÌÚȭɯ

"ÈÙÉÈÔÐËÖÔÌÛÏàÓÈÛÐÖÕɯȹǶƙƛȭƔƖƕƘɷ#ÈɯÖÕɯ"ȺɯÞÈÚɯÚÌÛɯÈÚɯÈɯÍixed modification, whereas 

ÖßÐËÈÛÐÖÕɯȹǶƕƙȭƝƝƘƝɷ#ÈɯÖÕɯ,ȺȮɯËÌÈÔÐËÈÛÐÖÕɯȹǶƔȭƝƜɷ#ÈɯÖÕɯ-0ȺȮɯÈnd phosphorylation 

ȹǶƛƝȭƝƝɷ#ÈɯÖÕɯ238ȺɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯËàÕÈÔÐÊɯÔÈÚÚɯÔÖËÐÍÐÊÈÛÐÖÕÚȭɯ ÓÓɯÚÌarched spectra 

were imported into Scaffold (v4.3, Proteome Software) and scoring thresholds were set 

to achieve a peptide false discovery rate of 1% using the PeptideProphet algorithm  

2.10.20 Statistical analysis 37 

The t-test was used to compare mean values in groups of samples for all 

experiments. Error bars were calculated using mean±s.e.m. wÐÛÏɯÈɯÎÙÖÜ×ɯÚÐáÌɯÕȁƗȭɯ ÓÓɯ

reported P-values were calculated for groups with unequal variance using the Excel 

software programme (Microsoft) and a two -tailed unpaired  t-test. Statistical significance 

of CK2 subunits mRNA expression between control groups an d HD patients group ( n=7) 

was analysed by a one-tailed unpaired  t-test. Reported P-values for all experiments 

correspond to *P<0.05, **P<0.01, ***P<0.001; NS, not significant. 
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2.11  Supplemental Figures37 

 

Figure 17: HSF1 protein depleti on in HD correlates with increased HSF1 -

S303/307 phosphorylation (A) Htt -Q74 cells were cultivated at 37ºC (C) in the absence (-

Dox) or presence of Doxycycline (+Dox) for 3 days and exposed to heat shock 1 h at 
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42ºC, followed by a recovery period at 37ºC for 7 h (HS). Protein samples were subjected 

to immunoblotting and the indicated protei ns were analyzed using GAPDH as loading 

control. (B) Hsp70 protein levels were measured by ELISA (Enzo) under the same 

experimental conditions performed in A. Error bars represent means ± SEM, (n=3). (C) 

Htt -Q74 expressing cells were cultivated at 37ºC (C) in the absence (-Dox) or presence of 

Doxycycline (+Dox) for 3 days, treated with 5 mM AZC and immunoblots probed with  

the indicated antibodies. (D) Htt -Q74 expressing cells were cultivated as described in (A) 

and protein extraction was performed in 8 M Ur ea or (E) Acetone precipitation and TCA 

solubilization. (F) HSF1 mRNA levels determined by qRT-PCR from Htt -Q74 expressing 

cells under control (C) and Heat shock conditio ns (HS). The value given for mRNA 

levels in the control sample (C, -Dox) was set at 1. Error bars represent means ± SEM, 

(n=3). (G) Htt-Q74 expressing cells were cultivated in the absence or presence of Dox for 

3 days and exposed to a 1 h heat shock at 42ºC and samples collected along the recovery 

period at 37 ºC over 7 h. (H) The inducible PC12 cell line expressing the androgen 

receptor (AR) fused to a Q10 (non-pathogenic) or Q112 (pathogenic) repeat were 

cultivated at 37ºC (C) in the absence (-Dox) or presence of Doxycycline (+Dox) for 3 days 

and heat shocked at 1 h at 42ºC, followed by a recovery period at 37ºC for 7 h (HS). (I) 

Image quantification dat a of IHC experiments shown in Figure 1G. Left panel shows the 

% of HSF1 positive cells normalized to the total number of cells stained by DAPI in the 

WT and KIQ175 mice at 12 months of age in the dorsal striatum. Right panel shows the 

ratio between HSF1 positive cells and HSF1-S303-P stained cells. Data was normalized to 

WT levels set as 1 for n=3 independent experiments. (J) Wild type C57BL/6 and KIQ175 

mice were sacrificed at 2, 6 and 12 months and cortex samples analyzed by 

imm unoblotting for the indicat ed proteins. 
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Figure 18: HSF1, "*ƖϔɀɯÈÕËɯ%ÉßÞƛɯ×ÙÖÛÌÐÕɯÓÌÝÌÓÚɯÐn patients with HD (A, B) 

Striatal samples from patients with HD and sex - and age-matched controls from the 
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Barcelona Brain Bank, Duke BioBank and Harvard BioBank were analyzed by 

immunoblotting. HSF1, "*ƖϔɀɯÈÕËɯ%ÉßÞƛɯÉÈÕËÚɯfrom immunoblots were q uantified 

using Image J software (BioRad) and protein values were normalized using GAPDH as 

and referenced to corresponding age-sex matched control patient set to 1. (C-E) 

Variation of HS F1, "*ƖϔɀɯÈÕËɯ%ÉßÞƛɯ×ÙÖÛÌÐÕɯÓÌÝÌÓÚɯÐÕɯ"ÖÕÛÙÖÓɯand HD patients. Values 

were quantified using Image J software from immunoblots on A and B  (n=14 for each 

group) . (E) Cortex from H D patients and sex- and age-matched controls from the 

Barcelona Brain Bank were analyzed by immunoblotting . (F) Variation of HSF1 protein 

levels in Control and patients with HD in the Cortex. Values were quantified using 

Image J software from immunoblots o n E. 

 

Figure 19: CK2-dependent HSF1 phosphorylation s ite mutagenesis (A) Diag ram 

of specific HSF1 serine and threonine residues phosphorylated by CK2 in vitro by either 

purified recombinant "*Ɩϔ, "*ƖϔɀɯÖÙɯÊÖÔÔÌÙÊÐÈÓɯÏÖÓÖ-enzyme and evaluated in the 

humanized HSF1 yeast assay. (B) Yeast strain PS145 transformed with WT human HSF1 

plasmid (pRS424-GPD-hHSF1) or the indicated HSF1 mutations corresponding to CK2-

phophorylated residues from (A). Ce lls were plated on either galactose or dextrose 

supplemented SC medium, plates incubated for 3 days at 30ºC and photographed. 
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Figure 20: CK2 pharmacological inhibition increases HSF1 protein activity and 

stability  (A) The human retinal pigment epithelial cell line ARPE was treated for 1 h 
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with 25 mm or 50 mm TID43 at 37ºC, heat shocked for 1 h at 41ºC, recovered at 37ºC for 

16 h and immunoblotted for Hsp70 and GAPDH. (B) Hsp70 protein levels were 

measured by ELISA under the same the experimental conditions as in (A). (C) 

Experimental design for the addition of TID43 consisting of two doses (24 h and 48 h) 

after Htt -Q74 induction by Dox. (D) Htt -Q74 cells were induced with Dox (+) or not (-) 

treated with 0.5 mM and 1 mM TID43 as described in (C) and protein extracts subjected 

to immunoblotting. Samples are from the same membrane and same exposure and 

immunobl ots were cropped to show relevant data. (E) Htt-Q74 expressing cells were 

treated as described in (C) using 1 mM SB216763 or TID43. Cells were lysed and soluble 

and pellet fractions assayed by immunoblotting with the indicated antibodies. GFP in 

the pellet fraction was used as a marker for Htt -Q74-GFP aggregation. Samples are on 

the same membrane at the same exposure and immunoblots were cropped to show 

relevant data. (F) Htt-Q74 cell viability was analyzed in the presence of Dox comparing 

DMSO control and cells treated with 1 mM TID43 upon heat shock conditions as 

described in (D). Data is presented as percentage of viable cells compared with 

untreated cells in the absence of Dox (100%). (G) PC12-Htt -Q74 expressing cells were 

transfected with siRNA against HSF1 or non-targeted siRNA (Scr) for 48h. Cells were 

treated with two different CK2 inhibitors (CK2 -I1# for SB21 and CK2-I2# for TID43) at 

1mM for 6h. Cells were heat shocked at 42ºC for 1h and allowed to recover at 37ºC for 

7h. Protein samples were collected and subjected to immunoblotting for the indicated 

proteins. (H) Htt -Q74 cells were transfected with siRNA against Gsk3a or Gsk3b 

separately or together using scrambled siRNA (Scr) as control. After 24 h cells were 

incubated at 37ºC (C) in the absence (-Dox) or presence (+Dox) of doxycycline for 2 days, 

heat shocked at 42ºC for 1 h, recovered at 37ºC for 7 h and immunoblotted for the 

indicated proteins. (I) Hsp70 mRNA levels quantitated by qRT -PCR after transfection 

with the indicated siRNA or scrambled control (Scr). Error bars represent  means ± SEM, 

(n=3). (J) Hsp70 protein levels by ELISA (Enzo) under different siRNA conditi ons as in 

(I) (K) Viability of cells expressing Htt -Q74 and transfected with siRNA against "*Ɩϔ or 

"*ƖϔɀɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯ#ÖßɯÞÈÚɯÈÕÈÓàáÌËɯÜÚÐÕÎɯ"ÌÓÓɯ3ÐÛÌÙɯ&ÓÖɯÊÖÔparing Control 

(Gray bars) and Heat Shocked (Colored bars). Data is presented as percentage of viable 

cells compared to untreated Scr cells. Statistical significance was measured comparing 

siRNA groups to the Scr group under HS conditions. Error bars repre sent means ± SEM, 

(n=3) (L) Diagram of the C. elegans CK2 holoenzyme. (M) C. elegans pathogenic Q37 

AM470 strain (Q37::YFP) and the HD model strain Q37::YFP;hsf-1(sy441) hypo-morphic 

mutant [61] were treated with empty vector or E. coli expressing RNAi aga inst kin -3 

("*Ɩϔ ortholo g) and qRT-PCR analysis conducted for kin-3 and hsp-25 transcript 

abundance. Data are relative to the levels of each transcript in the control worm 

Q37::YFP + empty vector.  
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Figure 21: "*ƖϔɀɯÊÌÓÓÜÓÈÙɯÚÜÉ-type expression in the dorsal striatum of KIQ175   

(A) Coronal section of the striatum of WT and "*Ɩϔ´(-/-) mice at 3 months of age 

showing specific staining of "*ƖϔɀɯÖÕÓàɯÐÕɯ63ɯÔÐÊÌ. (B-E) Coronal section of the 

striatum of WT and KIQ175 mice at 6 months of age, showing staining of (B) "*ƖϔɀȹÙÌËȺɯ

and the neuronal marker NeuN (magenta) co-localize but there is no co-localization with 

the reactive microglia marker CD68 (green). (C) Co-localization of "*ƖϔɀȹÙÌËȺɯÈÕËɯÛÏÌɯ

Darpp32 (green) MSN marker. (D) "*ƖϔɀȹÙÌd) and GS, astrocytes (green) do not co-

localize. (E) "*ƖϔɀɯȹÙÌËȺɯÈÕËɯÔ'ÛÛɯȹÎÙÌÌÕȺɯÊÖ-localize in the KIQ175 mice. Nuclei were 

detected with DAPI. Scale bar: A 40mm, B-E 10mm. 
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Figure 22: CK2ϔɀɯ'ÌÛÖÙÖáàÎÖÜÚɯÔÐÊÌɯÐÕÊÙÌÈÚÌɯ'2%ƕɯÛÙÈÕscriptional activity 

and decrease mHtt aggregates.  (A) Wild type C57BL/6 (CK2ϔɀ+/+) and homozygous 
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CK2ϔɀɯknock-out mice (CK2ϔɀ -/-) mice were sacrificed at 3 months and protein extracts 

from the striatum subjected to immunoblotting with the indicated ant ibodies. (B) 

Diagram of primer design for mouse genotyping of the Htt and CK2 ϔɀɯloci showing PCR 

genotyping of one representative male and one female KIQ175, WT (CK2ϔɀ+/+), 

KIQ175/(CK2ϔɀ+/-), and CK2ϔɀ+/- mouse per genotype. (C-E) qRT-PCR analysis for WT, 

KIQ175, CK2ϔɀ(+/-) and KIQ175/ CK2ϔɀ(+/-) mice was conducted from striatal mRNA at 

6 months of age for: (C) Casein kinase 2 catalytic (ϔ and ϔɀ) and regulatory subunits (b), 

(D) Hsp70 and Hsp25 and (E) Mitochondrial activity -related genes PGC1a and its 

dow nstream targets CYCs, NDUFS3 and TFAM. All data was normalized to GAPDH 

expression and to WT expression levels set as 1 (n=3 animals). (F) Filter retardation assay 

for Htt aggregation from striatal tissue of 6 month old KIQ175, WT ( CK2ϔɀ+/+), KIQ175/( 

CK2ϔɀ+/-), and CK2ϔɀ+/- mice. (G) Image quantification for "*Ɩϔɀ, HSF1 and Hsp70 

protein levels in the striatum of WT, KIQ175, CK2ϔɀ (+/-) and KIQ175/ CK2ϔɀ (+/-) mice 

at 6 months of age (n=3).  
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Figure 23: "*ƖϔɺɯÏÌÛÌÙÖáàÎÖÚÐÛàɯÐÕÊÙÌÈses synapse number and body  weight at 

early onset in the KIQ175. (A) Images from co-localization (synapse) of the cortico-

striatal pre-synaptic marker (VGlut1), the thalamo -striatal pre-synaptic marker (VGlut2) 

and the post-synaptic marker PSD95 in the dorsal striatum ÖÍɯ*(0ƕƛƙȮɯ63ɯȹ"*ƖϔɺǶɤǶȺȮɯ
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*(0ƕƛƙɤȹ"*ƖϔɺǶɤ-ȺȮɯÈÕËɯ"*ƖϔɺǶɤ- mice at 5 weeks. Synapses are indicated with white 

arrows. Sale bar, 10 mM. (B) Quantification of VGlut1-PSD95 and VGlut2-PSD95 co-

localized synaptic puncta from (A). Error bars indicat e mean ± SEM, (n=3 animals per 

genotype, 3 sections per animal, 15 sections per scan). (C) Body weight longitudinal 

ÚÛÜËàɯÍÖÙɯ63ɯȹÕǻƘȺȮɯ*(0ƕƛƙɯȹÕǻƗȺȮɯ"*ƖϔɺɯȹǶɤ-ȺɯȹÕǻƙȺɯÈÕËɯ*(0ƕƛƙɤɯ"*ƖϔɺɯȹǶɤ-) (n=3) over 

9 weeks following weaning, represented in grams (g). Only males were used in this 

study to minimize weight differences.  

Table 2:  HD Brain Sample description  

 

Supplemental Data 1, 2, and 3 can be located on the publishers website: 

https://www.nature.com /articles/ncomms14405#s1 
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2.12  Follow -up studies on HSFs in Neurodegenerative Disease 

Many  questions remain regarding  HSFs in HD , some of which are addressed 

below. Further details on HSF1 degradation in HD  and other neurodegenerative 

diseases, and if  other HSF family mem bers play a role in HD, either in collaboration 

with HSF1 or independently .  

2.12.1 Isoforms of FBXW7 

There are three isoforms of FBXW7 with known  activity in the SCF ubiquitin 

ligase complex: FBXW7ϔ, FBXW7ϕȮɯÈÕËɯFBXW7ϖȭɯAs shown in Figure 24a, the isoforms 

have distinct promoters and first exons, giving rise three unique N termini  but identical 

proteins thereafter214. All three isofo rms have E3 ligase capability but differ  in their 

localization within subcellular compartment s and, due to isoform -specific promoters,  

are differe ntially expr essed across tissues215 

2.12.1.1  FBXW7 isoforms in Hunti ngtonɀs Disease 

FBW7ϔɯÐÚɯÓÖcated in the nucleoplasm and is ubiquitously expressed  across 

tissuesȰɯ%!6ƛϕɯÐÚɯÓÖÊÈÛÌËɯÐÕɯÊàÛÖ×ÓÈÚÔÐc membranes is in highly expressed in the brain; 

ÈÕËɯ%!6ƛϖɯÐÚɯÓÖÊÈÛÌËɯÐÕɯÛÏe nucleolus and is highly expressed in muscle214. As shown in 

Figure 24a-b, preliminary  qRT-PCR results suggest tÏÈÛɯÌß×ÙÌÚÚÐÖÕɯÖÍɯ%!6ƛϔɯis elevated 

in HD mouse brain and in HD model cells. We have previously demonstrated that a  

cocktail of siRNA targeting both FBWƛϔɯÈÕËɯ%!6ƛϕɯÙÌÚÛÖÙÌs HSF1 levels in HD cells  
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(Figure 9i), but silencing of specific isoforms has not yet been completed 37. Because 

FBXW7ϔɯÈÕËɯFBXW7ϕɯÐÚÖÍÖÙÔÚɯÈÙÌɯÓÖÊÈÛÌËɯÐÕɯÛÏÌɯÕÜÊÓÌÜÚɯÈÕËɯÊàtoplasm, respectively, 

this may offer insight into where HSF1 is degraded. Future experiments will also 

investigate which isoforms of FBXW7 immunoprecipitate with HSF1  (Figure 9j) shows 

FBXW7ϔ-HSF1 co-immunoprecipitation) , the dependence of the isoform-specific 

FBXW7-HSF1 interaction on the phosphorylation state of S303, and in which areas of the 

cell FBXW7 and HSF1 interact. This wil l help to answer the fundamental question of 

where HSF1 is degraded and how this degradation is augmented in HD.  

 

Figure 24: Isoform -specific alterations i n HD models (a) Splicing isoforms of 

FBXW7, cellular localization and tissue-specific expression214 (b) relative mRNA 

abundance of FBXW7 isofÖÙÔÚȮɯ"*ƖϔɀȮɯÈÕËɯ'2%ƕɯÛÈÙÎÌÛȮɯ'sp25 in Q7 (control) and Q111 

(HD) stri atal-like cells (c) relative transcript  abundance of FBXW7 isoforms in WT or 

KI175 (HD) mice (n=3). Data is shown as mean ± SD. 
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2.12.1.2 FBXW7 isoforms i n  ÓáÏÌÐÔÌÙɀÚɯ#ÐÚÌÈÚÌ 

Although HSF1 levels are diminished in Alzheimerɀs Disease (AD) 120, it has not 

been investigated whether this is through a degradation mechanism similar to HSF1 

phosphorylat ion-dependent degradation in H D involving CK2 an d FBXW7. It has been 

reported that CK2 levels are increased in HD204,205, but the role of FBXW7 has not been 

assessed. To begin to answer this question, we investigated the abundance of FBXW7 

isoforms in the cerebellum of Alzhei merɀÚɯ#ÐÚÌÈÚÌɯ×ÈÛÐÌÕÛs using RNA sequencing 

(RNA -seq) data from the Accelerating Medicines Partnership - A lzheimer's Disease 

(AM P-AD ). This research initiative obtained samples from the cerebellum of AD 

patients and cognitive ly healthy patients .  

 Shown in Figure 25a, we recapitulated the increase in CK2 transcripts previously  

reported 204,205. We found a modest but significant increase %!6ƛϔ transcript levels  

whereas %!6ƛϕ transcript levels were slightly dim inished. FBXW7ϖ-specific transcripts 

were not detected, which is expected for this muscle-specific isoform 215. Additionally, we 

corroborated t he elevated levels of Tau transcript, which is  encoded by the Microtubule -

associated protein tau gene; elevated product ion of Tau contribut es to pathogenesis 

through aggregation in neurofibrillary tangles 216. MAPT is a repressive target of HSF145, 

and thus, this increase in MAPT is consistent with low levels of HSF1 levels in AD  

whereby MAPT  is de-repressed. This preliminary data sug gests that activation of HSF1 

in AD would be b eneficial not only to increase molecular chaperones to ameliorate 
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protein misfolding 208, but also by repressing targets like MAPT that contribute to 

pathogenesis. 

 

Figure 25: Expression of HSF1 degradation machinery  in the cerebellum of  

A lzheim erɀs Disease and Control  patients .(a) CK2ϔ, CK2ϔɀ, FBXW7 isoforms, HSF1 

repression target MAPT, and YWHAZ -206 as a reference gene217 for Alzheimer ɀs Disease 

to demonstrate normaliz ation of transcriptome data . Data is shown as mean ± SEM, n=76 

(control) and n=80 (AD). 

Taken together, these preliminary  transcript analyses suggest that FBXW7ϔ, not 

%!6ƛϕ, may be the isoform of FBXW7 that is transcriptionally elevated in both HD and 

AD. Future experiments will determine if these transcrip t levels correlate with protein 

levels, the phosphory lation depend ence of the FBXW7-HSF1 interaction, and whether 

ablation of  specific isoforms rescues HSF1 prot ein levels in HD and AD. Ultimately, it 

will also be imperative to determine what changes in HSF1 mediated transcriptio n, both 

activation and repression, contri butes to pathogenesis.  
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2.12.2 Reduction  of HSF2 in HD  

Previous studied have demonstrated the significant reduction of  HSF1 in 

HD 33,35,37,98,181, but the mechanistic contribution o f HSF2 in HD  has not been explored in 

detail . In order to characterize the impact of HSF2 on HD disease progression, one study 

compared the molecular HD phen otypes and lifespans of HD model mice (R6/2) lacking 

HSF2, heterozygous for HSF2, or containin g both copies of HSF2 63. Homo zygous HSF2 

knockout and heterozygous mice exhibited increased mutant Huntingtin  (mHtt) 

aggregation, earlier onset of mHtt aggregate formation , and shortened lifespan; li fespan 

was reduced 17.2% for  HD /HSF2-hetero mice and 36.2% for HD/HSF2  null mice . These 

results demonstrate that loss of HSF2 exacerbates the protein aggregation and death 

associated with HD .  

In order to determine if protein  levels of HSF2, like HSF1, are dimi nished in HD, 

we tested protein extracts from the striatum of HD model striatal -like cells and post-

mortem samples from HD patients. Shown Figure 26, protein levels of HSF2 are reduced 

in HD, b oth in cell culture comparing co ntrol  (Q7) with pathogen ic Hun tingt in (Q111) 

and in patient brain samples comparing control and HD  samples. Future experiments 

will address whether this diminution  of HSF2 arises in HD due to decreased HSF2 

transcription or degr adation of HSF2 protein, if  the loss of HSF2 in cell models of HD 

exacerbates prot ein aggregation, and whether restoration of HSF2 protei n levels and 

function diminish HD ph enotypes. Additionally, since HSF1 and HSF2 can hetero-
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oligomerize , future exper iment should also address whether these HSFs are acting in 

concert in H D; this cooperativity has b een demonstrated for one target, alpha-crystallin 

B chain63. This knowledge would expand our understanding of the import ance of HSFs 

in neurodegenerative diseases and determine to what extent the cooperativity  of HSF1 

and H SF2 contribute s to disease progr ession.   

 

Figure 26: HSF2 protein level s in Huntington's Disease model cel ls and mice  

(a) HSF2 protein levels in WT or HSF2 -/- MEFS demonstrates HSF2 antibody has no 

cross-reactivity wit h HSF1 (b) HSF2 protein levels in control (Q7) or HD (Q111) model 

striatal-lik e cells (c) HSF2 protein levels in the striatum of  three different  HD patients 

and corresponding sex and age matched controls . 
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3. Elucidation of the HSF1 inter actome in stress and 

disease 

3.1 Introduction  

Organisms are constantly challenged with surviving stresses that include  protein 

misfolding, inflammation, environmental toxicants and rapid cell proliferation 1,21,22,57. A 

crucial player in the  cellular  stress response is Heat Shock Transcription Factor 1 (HSF1), 

a regulator of stress-protective  gene transcription.  In the absence of stress, the bulk of 

HSF1 is maintained in an inactive, monomeric state and resides predominantly in 

cytoplasm43,218. This basal repression of HSF1 is achieved through interactions with other 

proteins, including a multichaperone complex 104,105,178 and a repressive intramolecular 

interaction between leucine zipper regions of HSF152,53,100,101. HSF1 is activated in 

response to stressful conditions,  oligomerizes, and is retained in the nucleus where it 

binds Heat Shock Elements (HSEs) in target genes to restore protein homeostasis and 

promote cell survival 1,21. Genes activated by HSF1 include prot ein chaperones, protein 

degradation machinery , cell cycle determinants, and transcriptional regulator s22. 

Additionally, HSF1  represses the transcription of genes involved in apoptosis , 

inflammation , and transcription , among others45,46,88-90. The characterization of HSF1 

direct target genes in response to acute stress, chronic protein misfolding disease s, or in 

cancer cells, reveals cell context-specific sets of genes are controlled by HSF1 that 

contribute  to pathogenesis 47,78,85,97,98. 
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Because of the central role HSF1 plays in coping with  stresses that disrupt protein 

homeostasis, HSF1 is of great interest in neurodegenerative diseases that arise from 

chronic protein misfolding including  Alzh eiÔÌÙɀs Disease, ParkÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȮɯÈÕËɯ

HuntiÕÎÛÖÕɀÚɯ#ÐÚÌÈÚÌɯȹ'#Ⱥ33-37,43. Although the causative protei n of these diseases 

differs , they all similarly arise from a protein with an increased propensity to misfold 

and aggregate. In the case of HD, a CAG expansion in exon 1 of the Huntingtin  gene 

results a polyglutamine  (polyQ) expansion in the Htt  protein 173(Section 1.2.2). The 

resulting protein aggregates inappropriately interac t with other cellular components, 

including cell signaling proteins, transcription factors, and other key regulatory 

proteins, disrupting ce llular func tion and ultimately increas ing apoptosis28,219. This 

protein misfolding and cellular dysfunction is further exacerbated by reduced levels of 

protein quality control components, includ ing protein chaperones and protein 

degradation  machinery, which aid in maintaining protein homeos tasis. Consequently, 

activation of cytoprot ective protein chaperones such as Hsp70 and Hsp104, TRiC 

chaperonin, or protein degradation machinery , diminish protein misf olding and 

augment aggregate clearance in HD38-42. Furthermore,  simultaneous activation of 

multiple chaperone systems is more efficacious than one chaperone alone38-42. Acti vation 

of HSF1 simultaneously  elevates levels of protein  quality control components and 

regulates many other target genes to promote protein homeostasis and cell survival ; 

thus, HSF1 activation  is a promising point of therapeutic intervention 1,22,37,43,175,177. 
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However , in response to pathogenic Huntingtin ( mHtt) , this stress-prot ective 

transcription f actor HSF1 is aberrantly degraded, its target gene expression blunted , and 

its genome-wide binding is dramatically altered, raising questions of how HSF1 

dysregulated in HD 33,35,37,98. A more detailed understanding of the regulati on of HSF1 in 

unstressed cells, the dysfuncti onal regulation  of HSF1 in HD, and how this compares to 

the acute stress of heat shock, may offer new insights into HSF1 regulation and its 

contribution  to HD .   

Previous studies conducted in HD revealed that the impair ment of HSF1 arises at 

least in part from inappropriate protein interactions that result in HSF1 degradation 

(Chapter 2)37. This degradation pathway invol ves the phosphorylation of HSF1 by the 

protein kinase "*ƖϔɀȮɯÈÓÓÖÞÐÕÎɯÍÖÙɯÙÌÊÖÎÕÐÛÐÖÕɯÉàɯ%-box WD Repeat Containing 7 

(FBXW7), an E3 ligase component. ExpÙÌÚÚÐÖÕɯÖÍɯÉÖÛÏɯ"*ƖϔɀɯÈÕËɯ%!76ƛɯÈÙÌɯelevated in 

HD cells, mouse models and post-mortem human tissue 37. This and other studies have 

demonstrated the importance of protein -protein interactions in modulati ng HSF1 

nuclear retention, DNA binding , activation or  repression of target genes, and 

degradation 81,90,91,94,105,152 (Section 1.3.4). For instance, mitochondrial single-stranded DNA 

binding protein  is crucial for t he activation of some HSF1 target genes in response to 

elevated temperatures81. Other HSF1-regulating proteins  modulate  HSF1 nuclear 

retention, like BCL2 Associated Athanogene 3 (BAG3)152. Another regulatory protein , 

Replication Protein A interacts with  HSF1 and facilitat es basal HSF1 binding at the 
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Hsp70 locus by recruiting  histone chaperone FACT94. In addition to  illuminating  

regulatory mechanisms imposed on HSF1 by interacting proteins, the study of other 

protein interactors have revealed roles for HSF1 in new pathways, including  DNA 

repairɭvia interaction s with X-Ray Repair Cross Complementing (XRCC) proteins220 or 

Poly [ADP -ribose] polymerase (PARP) proteins154, and in metabolismɭby interaction 

ÞÐÛÏɯ/&"ƕϔ221. Taken together, these and other studies demonstrate how protein 

regulators of HSF1 can significantly alter HSF1 activity , functionality, and  degradation. 

To decipher new aspects of HSF1 regulati on via protein partners  under distinct 

stresses, we focus on how the HSF1 interactome changes during normal growth  

conditions , acute heat shock and the chronic protein misfoldi ng stress of 'ÜÕÛÐÕÎÛÖÕɀÚɯ

Disease. We find that  HSF1 interacts with an array of proteins with diverse  cellular  

functions , inclu ding mRNA  processing, chromatin modification,  transcriptional 

coactivators and repressors, and DNA and RNA metabolism . While some of these 

interactions are maintained under  all conditions  evaluated, HSF1 also interacts with  a 

distinct network of protein pa rtners during  acute versus chronic stress. We identify 

CCCTC bindin g protein (CTCF) as an HSF1 interactor in under all three condit ions. 

CTCF and HSF1 interact in vivo and directly in vitro, and at some HSF1-CTCF co-

occupied loci, CTCF helps to recruit HSF1 and facilitate  HSF1-mediated transcription  of 

activated and repressed targets. This cooperativity  between HSF1 and CTCF reveals a 

novel mechanism for HSF1-mediated target gene regulation.  
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3.2 Assessment of the HSF1-interacting proteins i n unstressed, heat 

shocked, and 'ÜÕÛÐÕÎÛÖÕɀs Disease model cells 

To identif y protein s that interact with  HSF1 in cells dur ing normal growth 

conditio ns, in response to the acute stress of heat shock, or during the chr onic stress of 

protÌÐÕɯÔÐÚÍÖÓËÐÕÎɯÖÍɯ'ÜÕÛÐÕÎÛÖÕɀÚɯ#ÐÚÌÈÚÌȮɯendogenous HSF1 was immu noprecipitat ed 

from striatal -like cell lines. The capture of endogenous, native, and untagged HSF1 

enabled us to observe protein inte ractions with HSF1 present at physiologi cally relevant 

levels in the absence of a crosslinking reagent. This is significant  because, as reported 

previously, HSF1 levels are diminished i n HD due to aberrant protein modifications and 

interacti ons that result in its degradation ; unnatural overexpression may alter the 

model-specific HSF1 interactions37,202. We employed mouse striatal neuron-derived  cells 

and compared HD model cells possessing pathogenic polyQ -expanded Htt , 

STHdhQ111/Q111 (Q111, HD), with the ir wild -type counterpart, STHdh Q7/Q7 (Q7, Control ). 

This well -characterized HD cell model recapitulates the dysfunction al phenotypes of 

HD  cells, including insolubl e mHtt -containing aggregates, nuclear localization  of mHtt  

protein,  and elevated sensitivity to hypox ic stress222. Using immunoprecipita ted of HSF1 

or negative control IgG  precipi tates, we identifie d HSF1-interactin g proteins by 

ultraperform ance liqui d chromatography  tandem-mass spectrometry (LC-MS/MS) 
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analysis and quantitatively assessed the HSF1 interactome in unstressed conditions and 

during acute and chronic stress (Figure 27a).  

 

 

Figure 27: Outli ne of quantitative HSF1 protein intera ctome approach              

a) Endogenous mouse HSF1 immunoprecipitation from triplica te experiments using 

polyclonal anti -HSF1 antibody covalently liked to D ynaG beads. HSF1-interacting 

prot eins were identified by im munoblotting, silver stained SDS-PAGE gels, and 

quantita tive LC-MS/MS to compare the magnitude of interacting proteins across 

conditions analyzed. IgG was used as a negative control. b) Immunoprecipitatio n of 

endogenous HSF1 in Control (Q7) , Huntington ɀs Disase (HD , Q111), or heat shock (HS) 

c) Principal component analysis of the proteins identified in each sample demonstrate 
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biological reproducibility across triplicates  and differences in the HSF1 interaction 

network under the thr ee different conditions ev aluated. Quality Contro l (QC) pool is an 

equal mixture of the 15 biological samples tested and was used to assess technical 

variability ac ross runs. 

We investigated the interacting protei ns in biological triplicate under the 

follo wing conditions: unstressed Q7 cells (IgG IP, HSF1 IP), Q7 cells after an acute heat 

shock (HSF1 IP), and HD cells (IgG IP, HSF1 IP). Immunoprecipitati on of HSF1 and IgG 

(Figure 27a,b, Supplementary Figure 35) demonstrates the enrichment of HSF1 and 

potential HSF1-interacting proteins. Additionall y, we combined these 15 biological 

samples to create a quality con trol  (QC) pool sample that was used to account for any 

changes in the detection protocol  throughout sample runs. Proteins were identified by 

LC-MS/MS and runs were aligned based on the accurate mass and retention time of 

detected ions. In total, the initia l dataset identified 1,691 proteins (12,497 unique 

peptid es). The coefficient of variation (% CV) for technical replicates of QC runs was 

7.7% and the biological variability  was 20.9%, 29.5%, 24.2%, 18.6%, and 18.2% for the Q7 

IgG, Q7 HSF1, Q7 HS HSF1, Q111 IgG, Q111 HSF1 groups, respectively. The 

reproducibility  of HSF1-interacting  proteins identi fied in diff erent conditions was 

visualized with 3D princ ipal component analysis (PCA) (Figure 27c, Supplementary 

Figure 35D). Each PCA datapoint reflects the content and int ensity of interacting 

proteins in the HSF1 or IgG IP/M S; the clustering of biological replicates indicates that 

highly simil ar proteins were identified in each replicate. Additionally, the separation of 

different  condition s in the PCA demonstrates the varied composition of the HSF1 
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interactome across conditio ns. Similar clustering is observed in the 2D PCA plot 

(Supplementary Figure 35E). 

3.3 Validatio n of previously i dentified HSF1 interacting  proteins 

To remove low-confidence protein interaction partners and pro teins non-

specifically immunoprecipitating , we imposed several restrictions on the identified 

proteins. First, hit proteins in the HSF1 IP must be enriched at least two -fold over levels 

detected in the IgG IP and this difference must be statistically signi ficant (p<0.05) as 

determined by a t-test calculated on log2-transformed int ensity values. Additionally , to 

ensure proteins were identified co rrectly, we requi red proteins have a protein teller 

probabil ity of 0.8 or higher. Overall, of the 1,691 proteins identified, 379 prot eins (22.4%) 

passed these stringent requirements; hit proteins in each condition are shown in blue 

(Control ), orange (HS), and green (HD) (Figure 28a-c) and comprise the high-confidence 

protein interaction partners of HSF1 for  each condition  conducted in this study . The 

proteins in each condition  that did not pass these tests are shown in gray. 
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Figure  28: Protein -inter actors identifie d in control, heat shock, and 

Huntington ɀs Disease with HSF1 immunoprecipitation -mass spectrometry a-c) 

Volcano plots of HSF1-interacting proteins in Control (a) , HS (b), and HD (c); proteins 

passing fold change>2, p<0.05, and Protein teller probabili ty>0.8 are highlighted in blue, 

orange, and green, respectively. Proteins below these thresholds are shown in gray. 

Several previously reported HSF1-interacting proteins and select proteins of interest are 

highlighted with text d) Venn diagram showing the shared and distinct  interaction s of 

HSF1 observed in each condition . 

We recapitulated many previousl y reported HSF1 protein interactions fr om a 

variety  studies, including Bcl2-associated athanogene 3 (BAG3)150-152, X-Ray Repair Cross 

Complementin g 5 (XRCC5, Ku80)220, Pre-mRNA Processing Factor 8 (PRPF8)94, 

Rapamycin-Insensitive Companion of mTOR (RICTOR)94, and Structural maintenance of 

chromosomes protein 6 (SMC6)223, among many others (Table 3, underlined in Figure 29 
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and Supplementary Table 4). We also found many HSF1-interaction p artners that are 

closely related to those that were previous ly described, including Sorting Nexin 9 

(SNX9)ɭrelated to SNX4; Importin Subunit Alpha -1 (IMA1, KPNA2)ɭrelated to 

KPNA3 and 4; and PAR12 ɬ related to PARP13 (HD  only) 94,154. Some of the discrepancies 

between the related proteins identifi ed in this study may be attributed to differences in 

cell type, immunoprecipitation metho d, or specific stress conditions. Many oth er 

identical or h ighly rel ated HSF1-interaction prot eins were strongly enriched in the HSF1 

IP, but due to poor peptide cover age, were not above our stringent cutoff for protein 

teller probability; some of these in clude CDC20224, HSPB1, and NDK7  (Table 3)150.  

Table 3: Previously reporte d HSF1-interacting p roteins recapitulated  in  this 

study   Identical proteins or highly related proteins identified  in previous studies and the 

corresponding pr otein identified in this study . *indicates poor peptide coverage, despite 

high enrichment of HSF1/IgG, this protein w as not continued with in  this study. 

Reported HSF1 

interacting Prote in  

Identical protein  in 

this study  
Condition detected  

PRPF894 PRP8 HD  

SNRNP20094 U520 HD  

RBM2894 RBM28 HD  

IQGAP194 IQGA1 HS 

RICTOR94 RICTR Con, HS, HD 

NESTIN94 NEST Con 

HA DHA 94 ECHA  HS 

XRCC5 (Ku80)220 XRCC5 HD  

BAG3150,151 BAG3 Con, HS, HD 

SMC6223 SMC6 Con, HS, HD 

NEDD4202 NEDD4 HS 

CBY1223 CBY1 Con, HS, HD 

Nme7150 NDK7  poor peptide coverage 

CDC20224 CDC20 poor peptide coverage 

HspB1150 HSPB1 poor peptide coverage 

CCDC88A94 DAPLE (CCDC88C) poor peptide coverage 

Reported HSF1 

interacting Protein  

Related protein  in 

this study  
Condition detected  

SNX494 SNX9 HS 

KPNA1, KPN A394 IMA 1 (KPNA2) HS 
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PARP1, PARP13154 PAR12 (PARP12) HD  

FBXW737 FBW1B (FBXW11) Con, HS, HD 

SMARCA4 

(BRG1)82,83,94 SMCA5 (SMARCA5) Below fold change threshold  

3.4 HSF1 protein interaction networks are part ially distinct in 

unstressed cells, heat shocked cells, or HD model cells  

The interactome of HSF1 is comprised of proteins of highly varied ce llular 

functio n and while some proteins interacted with HSF1 across multip le cellular  

conditions , unique interactors were also found in each condition  (Supplementary Table 

4).  The number of  shared and unique HSF1-interacting pro teins in control, heat shock, 

and HD  conditions  are shown in Figure 28d. In general, fewer interactions (10 unique) 

were observed in control conditions compared to HS (106 unique) and HD  (119 unique); 

HD and HS shared a considerable (48-52%) overlap, suggesting some of these 

interactions may be stress dependent. Howe ver, HS and HD condi tions also maintain ed 

many unique protein int eractions, underscoring the potential differen ces in protein 

regulation exerted on HSF1 during  acute and chronic stress. In response to heat shock, 

HSF1 interacts wit h many proteins invol ved in nuclear import  and degradation; 8% of 

heat shock specific HSF1 interactions involve nuclear import machinery like importins  

(ϔ, ϕ, 4, 5, 7 and 9) and nuclear pore proteins (Nup93), while 33% of involve 

degradation, such as ubiqu itin  ligases (Nedd4, TRI56), and proteasomal subunits and 

proteases (PSA1-7, PSD11-13) (Supp lementary Table 4). These HS-specific interactions 

suggest transient HSF1 activation  may involve impo rt  machinery, int eraction with RNA 

Pol II, and subsequent degradation. While these interactions are not observed in chronic 



 

133 

stress, HSF1 does interact with  many proteins specifically in HD (Supplementary Table 

4). For instance, HD -specific interactions are enriched for RNA  processing factors, 

including  many members of the DEAD-box helicase families and the RNA exosome 

complex. Additional ly, several proteins involved in  DN A repair  interact with HSF1 

specifically in HD  including XRCC5 , SMC5-6, and PARP12.  

To further  explore how the constellation of  HSF1-interacting proteins  are 

changed between unstressed, heat shock, and HD condit ions, the intensity of the 

interaction s shared between 2 or more conditions  was assessed (Figure 29). When 

comparing the magnitude of HSF1-interactors, only proteins with intensities that were  

greater than three-fold differe nt between conditions (p<0.05) were considered as high 

confidence changes. With t hese criteria, most of the proteins interacted with HSF1 to a 

similar  extent  when comparing control and stress conditions; 78% of the shared 

interactions between control and HS and 92% of control and HD  were preserved (gray 

boxes, Figure 29)  However, comparison of the HS and HD conditions  revealed that 

~52% of the interactions were unchanged; further, for shared interactions that were 

altered, all interacted more in HS than in HD  (red boxes, Figure 29).  
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Figure 29: Heat map of H SF1 interacting proteins shared in two or more 

conditions   The magnitude of the interacti ng protein detected in each condit ion was 
















































































































































































