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            SPECIAL ARTICLE Model systems of protein-misfolding diseases reveal chaperone modifiers of proteotoxicity Marc Brehme 1, * and Cindy Voisine 2, * ABSTRACT Chaperones and co-chaperones enable protein folding and degradation, safeguarding the proteome against proteotoxic stress. Chaperones display dynamic responses to exogenous and endogenous stressors and thus constitute a key component of the proteostasis network (PN), an intricately regulated network of quality control and repair pathways that cooperate to maintain cellular proteostasis. It has been hypothesized that aging leads to chronic stress on the proteome and that this could underlie many age- associated diseases such as neurodegeneration. Understanding the dynamics of chaperone function during aging and disease- related proteotoxic stress could reveal specific chaperone systems that fail to respond to protein misfolding. Through the use of suppressor and enhancer screens, key chaperones crucial for proteostasis maintenance have been identified in model organisms that express misfolded disease-related proteins. This review provides a literature-based analysis of these genetic studies and highlights prominent chaperone modifiers of proteotoxicity, which include the HSP70-HSP40 machine and small HSPs. Taken together, these studies in model systems can inform strategies for therapeutic regulation of chaperone functionality, to manage aging-related proteotoxic stress and to delay the onset of neurodegenerative diseases. KEY WORDS: Chaperone, Co-chaperone, Chaperome, Proteostasis network, Protein-misfolding disease, Disease models Introduction Chaperones and co-chaperones, collectively referred to as the chaperome (Box 1), work together in a network of macromolecular protein folding, refolding and degradation machines. These machines guide chaperone-dependent client proteins from the very beginning of ribosomal exit during translation of the nascent polypeptide chain to native folding at the cellular target location (Hartl et al., 2011), through to their eventual clearance when nonfunctional or present in excess (Schmidt and Finley, 2014). The chaperome consequently represents a highly complex and modular molecular system. Chaperome client proteins differ in abundance, structure and biochemical state depending on the cellular environment during development and aging, stress or homeostasis, in health and disease (Taipale et al., 2014). This diversity necessitates that the physical and functional interactions amongst chaperones and co-chaperones are highly plastic. The protein folding pathway is highly conserved throughout evolution, from bacteria to humans (Hartl and Hayer-Hartl, 2002; Hartl et al., 2011). The chaperome functions as a protective system to ensure proper folding of newly synthesized proteins and prevention of protein misfolding and aggregation. Chaperones bind to exposed hydrophobic regions of nascent or misfolded polypeptides, shielding these residues from forming aberrant interactions with cellular proteins. This ‘holding’ activity of a chaperone does not require ATP; however, protein folding and refolding requires an ATP-dependent cycle of substrate binding and release (Mayer and Bukau, 2005; Horwich et al., 2007; Liberek et al., 2008; Saibil, 2008). Various co-chaperones catalyze cycling of ATP-driven folding machines, along with providing client specificity (Caplan, 2003). Together, chaperone ‘folders’ and ‘holders’, along with co-chaperones, work in concert to ensure a properly folded proteome. The chaperome consists of multiple functional families with a varying number of members, including the heat shock protein (HSP) families HSP100, HSP90, HSP70, HSP60; the chaperonins; HSP40 or DNAJ proteins; and the small HSPs (sHSPs), where names of each family correspond to the molecular weight of the original founding member (Hartl and Hayer-Hartl, 2002). In addition, there are organelle-specific chaperones of the endoplasmic reticulum (ER) (Kleizen and Braakman, 2004) and mitochondria (MITO) (Tatsuta et al., 2005), and tetratricopeptide repeat (TPR)-domain-containing co-chaperone family members (Hartl and Hayer-Hartl, 2002). A genome-wide survey of conserved functional domains defined by biochemical analyses identified over 300 genes encoding components of the human chaperome, represented by 88 chaperones (27%), of which 50 are ATP-dependent, and 244 co-chaperones (73%) (Brehme et al., 2014). As a highly conserved cellular quality control system and central arm within the proteostasis network (PN), defects in the human chaperome affect cellular proteome maintenance and repair capacity (Brehme et al., 2014). In line with this, chaperones and co-chaperones are implicated in an increasing number of protein-misfolding diseases (Kim et al., 2013; Kakkar et al., 2014). Protein misfolding and aggregation have been associated with several age-related neurodegenerative diseases, and our understanding of the molecular underpinnings of these diseases is an ongoing area of scientific investigation. The increase in average human lifespan, along with disease demographic considerations such as a predicted three- to fourfold increase in Alzheimer’s disease (AD) cases alone by 2050, foreshadows a significant socio-economic burden resulting from neurodegenerative diseases in the coming decades (Meek et al., 1998; Dobson, 2015). Many neurodegenerative diseases, such as AD, Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral 1 Joint Research Center for Computational Biomedicine (JRC-COMBINE), RWTH Aachen University, 52062 Aachen, Germany. 2 Department of Biology, Northeastern Illinois University, Chicago, IL 60625, USA. *Authors for correspondence ([email protected]; [email protected]) M.B., 0000-0003-0694-331X; C.V., 0000-0001-7165-9636 This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed. 823 © 2016. Published by The Company of Biologists Ltd | Disease Models & Mechanisms (2016) 9, 823-838 doi:10.1242/dmm.024703 Disease Models & Mechanisms 
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SPECIAL ARTICLE
 Model systems of protein-misfolding diseases reveal chaperonemodifiers of proteotoxicityMarc Brehme1 and Cindy Voisine2
 ABSTRACTChaperones and co-chaperones enable protein folding anddegradation safeguarding the proteome against proteotoxicstress Chaperones display dynamic responses to exogenous andendogenous stressors and thus constitute a key component of theproteostasis network (PN) an intricately regulated network of qualitycontrol and repair pathways that cooperate to maintain cellularproteostasis It has been hypothesized that aging leads to chronicstress on the proteome and that this could underlie many age-associated diseases such as neurodegeneration Understandingthe dynamics of chaperone function during aging and disease-related proteotoxic stress could reveal specific chaperone systemsthat fail to respond to protein misfolding Through the use ofsuppressor and enhancer screens key chaperones crucial forproteostasis maintenance have been identified in model organismsthat express misfolded disease-related proteins This reviewprovides a literature-based analysis of these genetic studies andhighlights prominent chaperone modifiers of proteotoxicity whichinclude the HSP70-HSP40 machine and small HSPs Takentogether these studies in model systems can inform strategies fortherapeutic regulation of chaperone functionality to manageaging-related proteotoxic stress and to delay the onset ofneurodegenerative diseases
 KEY WORDS Chaperone Co-chaperone Chaperome Proteostasisnetwork Protein-misfolding disease Disease models
 IntroductionChaperones and co-chaperones collectively referred to as thechaperome (Box 1) work together in a network of macromolecularprotein folding refolding and degradation machines Thesemachines guide chaperone-dependent client proteins from thevery beginning of ribosomal exit during translation of the nascentpolypeptide chain to native folding at the cellular target location(Hartl et al 2011) through to their eventual clearance whennonfunctional or present in excess (Schmidt and Finley 2014)The chaperome consequently represents a highly complex andmodular molecular system Chaperome client proteins differ inabundance structure and biochemical state depending on thecellular environment during development and aging stress orhomeostasis in health and disease (Taipale et al 2014) This
 diversity necessitates that the physical and functional interactionsamongst chaperones and co-chaperones are highly plastic
 The protein folding pathway is highly conserved throughoutevolution from bacteria to humans (Hartl and Hayer-Hartl 2002Hartl et al 2011) The chaperome functions as a protective systemto ensure proper folding of newly synthesized proteins andprevention of protein misfolding and aggregation Chaperonesbind to exposed hydrophobic regions of nascent or misfoldedpolypeptides shielding these residues from forming aberrantinteractions with cellular proteins This lsquoholdingrsquo activity of achaperone does not require ATP however protein folding andrefolding requires an ATP-dependent cycle of substrate binding andrelease (Mayer and Bukau 2005 Horwich et al 2007 Libereket al 2008 Saibil 2008) Various co-chaperones catalyze cyclingof ATP-driven folding machines along with providing clientspecificity (Caplan 2003) Together chaperone lsquofoldersrsquo andlsquoholdersrsquo along with co-chaperones work in concert to ensure aproperly folded proteome
 The chaperome consists of multiple functional families with avarying number of members including the heat shock protein(HSP) families HSP100 HSP90 HSP70 HSP60 thechaperonins HSP40 or DNAJ proteins and the small HSPs(sHSPs) where names of each family correspond to the molecularweight of the original founding member (Hartl and Hayer-Hartl2002) In addition there are organelle-specific chaperones of theendoplasmic reticulum (ER) (Kleizen and Braakman 2004) andmitochondria (MITO) (Tatsuta et al 2005) and tetratricopeptiderepeat (TPR)-domain-containing co-chaperone family members(Hartl and Hayer-Hartl 2002) A genome-wide survey ofconserved functional domains defined by biochemical analysesidentified over 300 genes encoding components of the humanchaperome represented by 88 chaperones (27) of which 50 areATP-dependent and 244 co-chaperones (73) (Brehme et al2014) As a highly conserved cellular quality control system andcentral arm within the proteostasis network (PN) defects in thehuman chaperome affect cellular proteome maintenance andrepair capacity (Brehme et al 2014) In line with this chaperonesand co-chaperones are implicated in an increasing number ofprotein-misfolding diseases (Kim et al 2013 Kakkar et al2014)
 Protein misfolding and aggregation have been associatedwith several age-related neurodegenerative diseases and ourunderstanding of the molecular underpinnings of these diseases isan ongoing area of scientific investigation The increase in averagehuman lifespan along with disease demographic considerations suchas a predicted three- to fourfold increase in Alzheimerrsquos disease (AD)cases alone by 2050 foreshadows a significant socio-economicburden resulting from neurodegenerative diseases in the comingdecades (Meek et al 1998 Dobson 2015) Manyneurodegenerative diseases such as AD Parkinsonrsquos disease(PD) Huntingtonrsquos disease (HD) and amyotrophic lateral
 1Joint Research Center for Computational Biomedicine (JRC-COMBINE) RWTHAachenUniversity 52062 Aachen Germany 2Department of Biology NortheasternIllinois University Chicago IL 60625 USA
 Authors for correspondence (brehmecombinerwth-aachendec-voisineneiuedu)
 MB 0000-0003-0694-331X CV 0000-0001-7165-9636
 This is an Open Access article distributed under the terms of the Creative Commons AttributionLicense (httpcreativecommonsorglicensesby30) which permits unrestricted usedistribution and reproduction in any medium provided that the original work is properly attributed
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  sclerosis (ALS) are characterized by abnormal aggregation ofmisfolded proteins ie amyloid β (Aβ) and tau in AD α-synucleinin PD huntingtin in HD and TAR DNA-binding protein (TDP-43also known as TARDBP) in ALS (Knowles et al 2014) A growingbody of evidence strongly suggests that failures or insufficiencies invarious molecular chaperone systems are involved in the pathologyof neurodegenerationTranscriptome analyses have been useful in identifying patterns of
 specific chaperones and co-chaperones that are upregulated ordownregulated in response to cellular stressors such as geneticenvironmental or chemical perturbations that challenge the folding ofthe proteome (Gasch et al 2000 Lamitina et al 2006) Organismalaging entails chronic stress on the proteome thus significant changesin chaperome expression could represent adaptive responses of aneuroprotective nature to an increasing proteotoxic burden orconversely could reflect the failure of chaperome function toprotect the cellular proteome (Halaschek-Wiener et al 2005Gidalevitz et al 2006) A systematic analysis of chaperone and co-chaperone gene expression dynamics during aging revealed that onethird (32) of chaperome genes were significantly repressed inhuman aging brains when compared with overall repression of genesin the aging genome (Brehme et al 2014) Interestingly this selectiverepression of the chaperome affects the major ATP-dependentchaperones and the full spectrum of chaperome families whereasATP-independent chaperones are mostly unaffected by repressionpointing towards a potential link with declining mitochondrialfunction in aging organisms (Lund et al 2002 Zahn et al 2006)The HSP40 HSP60 and HSP70 families were amongst the mostrepressed chaperones with HSP70s being the most repressed groupoverall However in contrast with the broad spectrum of repressedchaperone families sHSPs and the TPR co-chaperone proteins werethe only families that were significantly induced This selectiveactivation of specific chaperome families could indicate that theseproteins are involved in a general cellular stress responseAging correlates with cognitive decline and represents the most
 significant risk factor for dementia and neurodegenerative diseases
 (Brookmeyer et al 1998 Hof and Morrison 2004 de Lau andBreteler 2006) Intriguingly age-related changes in chaperomegene expression observed in aging brains are exacerbated in age-onset neurodegenerative diseases (Brehme et al 2014) It ispossible that differences in chaperome expression dynamics inindividuals account for varying degrees of disease predispositionage-of-onset or severity of disease progression Thereforeidentifying the functionally decisive chaperone machineries thatcollapse and fail to prevent the overwhelming misfolding lsquocrisisrsquothat occurs during normal aging could guide chaperome-directedtherapeutic intervention of misfolding diseases
 Models of protein-misfolding diseases have been invaluable forestablishing the contribution of the chaperome to proteostasismaintenance Here we survey the relevant literature covering thelast 16 years and report on studies that utilized widely adoptedmodel organisms expressing a subset of misfolding disease-relatedproteins We outline directed candidate gene approaches thatdemonstrated a crucial role for major chaperome families inmaintaining proteostasis In addition we use the collective powerof diverse genetic studies to highlight the shared chaperome familiesidentified in screens as modulators of proteotoxicity Ourquantitative analysis of the frequency with which specificchaperones and co-chaperones were identified reveals anoverrepresentation of sHSPs and the HSP70-HSP40 machineGuided by the compilation of data generated during thisrepresentative literature survey we discuss potential concepts fortherapeutic intervention strategies that target these key chaperonesduring human protein-misfolding diseases
 Model systems of protein-misfolding diseasesOur survey of research articles using model systems of protein-misfolding diseases reaches back to the release of the humangenome sequence in 2000 We selected representative studies thatexamined the effects of chaperones and co-chaperones in terms ofenhancement or suppression of proteotoxicity associated withexpression of disease-related proteins Although there is asubstantial wealth of studies using various model systems ourselection focused on the most commonly used genetically amenablemodel organisms ndash yeast worms and flies ndash that express one of thefollowing misfolded disease-associated proteins a polyglutamine(polyQ) protein such as huntingtin α-synuclein Aβ tausuperoxide dismutase 1 (SOD1) TAR DNA-binding protein(TDP-43) fused in sarcoma RNA-binding protein (FUS) or theSup35 prion protein It has been proposed that misfolding of theseproteins places a chronic burden on the cellular folding networkwhich over time exceeds the proteostasis boundary leading toproteostasis collapse (Gidalevitz et al 2006 Powers et al 2009Olzscha et al 2011 Morimoto 2014) Genetic approaches usingthese disease models demonstrate that the chaperome plays a crucialrole in protecting cells from proteotoxicity
 The functional role of chaperome families or individual familymembers can be investigated using a variety of genetic approachesguided by phenotypic readouts for changes in proteotoxicityResearch articles considered in this survey manipulate modifiergenes either by overexpression (Warrick et al 1999 Auluck et al2002 Krobitsch and Lindquist 2000 Chan et al 2000 2002Shulman and Feany 2003 Cao et al 2005 Al-Ramahi et al2006 Cooper et al 2006 Tam et al 2006 Bilen and Bonini2007 Kaltenbach et al 2007 Liang et al 2008 Sadlish et al2008 Roodveldt et al 2009 Yeger-Lotem et al 2009 Eldenet al 2010 Vos et al 2010 Ju et al 2011 Sun et al 2011Duennwald et al 2012 Wolfe et al 2013 2014 Kim et al
 Box 1 GlossaryChaperome The interconnected network of chaperones and co-chaperones that work cooperatively in cellular protein folding refoldingand degradationChaperone Protein that facilitates the folding refolding and assembly ofmacromolecular structures either through the use of ATP in cycles ofsubstrate binding and release or in an ATP-independent lsquoholdingrsquomodeCo-chaperone Protein that assists and modulates its cognatechaperonersquos activityProteostasis The combined action of processes by which cellsmaintain a lsquohealthyrsquo proteome including proper native foldinginteraction profile concentration and subcellular localizationProteome The ensemble of proteins expressed from protein-codinggenes in the human genome by a particular cell at a given point in timeincluding splice variants and post-translationally modified proteinspeciesInteractome The ensemble of molecular interactions in a particular cellat a given point in time including physical protein-protein interactionsFoldasesfolders Molecular chaperones that utilize ATP in cycles ofsubstrate binding and release in order to support the folding or refoldingof their cognate client proteinsHoldasesholders Molecular chaperones that act in an ATP-independent manner by binding and shielding exposed hydrophobicregions of nascent or misfolded polypeptides as well as foldingintermediates to prevent their aggregation or aberrant interaction withcellular proteins
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  2014 Fonte et al 2008) through knockdown (Fonte et al 2002Nollen et al 2004 Kraemer et al 2006 Kaltenbach et al 2007Hamamichi et al 2008 Kuwahara et al 2008 Van Ham et al2008 Roodveldt et al 2009 Wang et al 2009 Zhang et al2010 Calamini et al 2011 Silva et al 2011 Brehme et al2014 Khabirova et al 2014 Jimenez-Sanchez et al 2015) or byintroduction of point mutations (Warrick et al 1999 Chan et al2000 2002) or deletions (Fernandez-Funez et al 2000 Krobitschand Lindquist 2000 Willingham et al 2003 Giorgini et al2005 Ritson et al 2010 Butler et al 2012) in order to exploretheir role in diseases of protein misfolding Our survey coversdifferent measures of proteotoxicity evaluating the enhancementor suppression of various phenotypes as a readout for chaperonefunctionality including aggregation (Krobitsch and Lindquist2000 Fonte et al 2002 Nollen et al 2004 Tam et al 2006Wang et al 2007 2009 Hamamichi et al 2008 Sadlish et al2008 Van Ham et al 2008 Roodveldt et al 2009 Vos et al2010 Zhang et al 2010 Calamini et al 2011 Ju et al 2011Silva et al 2011 Sun et al 2011 Walter et al 2011 Duennwaldet al 2012 Wolfe et al 2013) neurodegeneration (Warrick et al1999 Chan et al 2000 2002 Fernandez-Funez et al 2000Kazemi-Esfarjani and Benzer 2000 Auluck et al 2002 2005Shulman and Feany 2003 Al-Ramahi 2006 Bilen and Bonini2007 Kaltenbach et al 2007 Hamamichi et al 2008 Wanget al 2009 Ritson et al 2010 Vos et al 2010 Jimenez-Sanchezet al 2015) or cellular toxicity (Willingham et al 2003Cao et al 2005 Giorgini et al 2005 Cooper et al 2006Kraemer et al 2006 Kuwahara et al 2008 Liang et al 2008Yeger-Lotem et al 2009 Elden et al 2010 Vos et al 2010Calamini et al 2011 Ju et al 2011 Sun et al 2011 Butler et al2012 Wolfe et al 2013 2014 Brehme et al 2014 Khabirovaet al 2014 Kim et al 2014) Based on this collection of studieswe first review findings based on the use of a defined singlecandidate gene to demonstrate a role for each of the majorchaperome families in modifying proteotoxicity Next we compileand report on those chaperones and co-chaperones that wereidentified in unbiased screens in various model systems (Table 1)grouped by respective misfolding diseases listing the approachand phenotypic readout and noting the human orthologs
 Major chaperome families participate in proteostasismaintenanceMany studies based on model systems support a role for candidatesfrom each of the major chaperome families HSP100 HSP90HSP70 HSP60 HSP40 sHSPs and TPR-domain-containingproteins in proteostasis These studies center on expressingdisease-associated genes in model systems establishing toxicityby monitoring neurodegeneration or growth and testing whetherchanging the expression level of a specific chaperone or co-chaperone modifies toxicity Subtle alterations in morphology ofaggregates or aggregate number can also be monitored providingadditional measures for investigating the role of the chaperome indisease Early studies demonstrated that overexpression of a specifichuman HSP70 (HSPA1L) in a Drosophila disease modelsuppressed neurodegeneration associated with expression ofpolyQ-containing forms of both ataxin 3 or androgen receptorand α-synuclein (Warrick et al 1999 Chan et al 2000 2002Auluck et al 2002) In a yeast model expressing the N-terminalfragment of a polyQ-containing huntingtin protein overexpressionof the yeast HSP70 (SSA1) reduced aggregate formation whereasthe dominant-negative version of the fly homolog to HSPA1LHsc4-K71S enhanced neurodegeneration (Warrick et al 1999
 Chan et al 2000 2002 Krobitsch and Lindquist 2000 Tam et al2006) These studies revealed that an increase in levels of HSP70reduced aggregation of disease-associated proteins thus playing aneuroprotective role
 Candidates from the remaining chaperome families have alsobeen tested using a similar targeted approach For exampleoverexpression of the human TPR domain-containing co-chaperone CHIP suppresses neurodegeneration in fly modelsexpressing polyQ-containing versions of ataxin 1 and theN-terminal huntingtin fragment (Al-Ramahi et al 2006)Likewise overexpression of the yeast TPR-domain-containing co-chaperone STI1 suppresses toxicity in a yeast model expressing theexpanded huntingtin fragment (Wolfe et al 2013) The co-chaperone HSP40 (dHdj-1 and SIS1) and the nucleotide exchangefactor SSE1 that specifically modulate HSP70 activity were alsoshown to suppress toxicity and aggregation in yeast and fly diseasemodels (Chan et al 2000 Krobitsch and Lindquist 2000 Sadlishet al 2008) In addition to co-chaperones overexpression of thehuman sHSP (HSPB7) a Caenorhabditis elegans HSP100homolog (tor-2) and the yeast HSP60 subunit (CCT-1) andHSP90 homolog (HSP82) reduced toxicity and aggregation (Caoet al 2005 Tam et al 2006 Liang et al 2008 Vos et al 2010)Taken together the directed examination of overexpression ofcandidates from the major chaperome families argues for thechaperome playing a crucial role in maintaining proteostasis andcellular health
 It is also worth noting that within certain families specificmembers had greater protective effects compared with others Thecytosolic HSP60 CCTTRiC complex contains eight subunits yetonly overexpression of subunits CCT1 and CCT4 reduced toxicityin yeast expressing the expanded huntingtin fragment (Tam et al2006) The remaining six subunits had little to no effect Of the twoHSP40 family members tested SIS1 but not YDJ1 reducedaggregation in the yeast model expressing the huntingtin fragment(Krobitsch and Lindquist 2000) Furthermore the yeast HSP100homolog HSP104 did not suppress neurodegeneration in wormswhereas the overexpression of a C elegans HSP100 tor-2 restoredneuronal health (Cao et al 2005) Each of these directed studies in amodel system for protein-misfolding disease suggest that certainchaperome families and specific members within these families playa more important role in proteostasis than others
 Studies using a candidate gene approach established afundamental role for the chaperome in protein-misfoldingdiseases Furthermore these studies suggested a differentialimportance of specific chaperome families and individualmembers within families in proteostasis However most of thesestudies examine only one model system expressing one diseaseprotein and measure a single readout limiting our ability to interpretindividual contributions of chaperome components to proteostasisOver the last 16 years experimental tools to manipulate the genomeincluding yeast deletion and overexpression libraries and RNAilibraries in C elegans have emerged allowing a less biasedapproach to uncovering the effect of chaperome families and theirindividual members in proteostasis We selected a set of studies thatattempt to be more comprehensive in their testing of chaperonesutilize genome-wide screens to provide an unbiased sampling ofgenes or examine proteins associated with aggregates (Table 1)These studies employ different model systems disease proteins celltypes and phenotypic readouts of proteotoxicity Harnessing thecollective power of these diverse genetic studies we compiled a listof the chaperones and co-chaperones identified in each study anddetermined the frequency at which each individual candidate was
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  Table 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Amyloidosis (eg Alzheimerrsquos disease)Aβ (Aβ42) C elegans AP-MS (affinity-purification mass
 spectrometry) analysis ofmolecular interactors of humanβ-amyloid peptide and RNAianalysis of chaperoneinteractor function in worm
 Co-immunoprecipitation studiesand readout of toxicity intransgenic worms expressingAβ upon RNAi of interactingchaperones and co-chaperones
 hsp-1 HSPA8 HSP70+ Fonte et al 2002Fonte et al 2008hsp-3 HSPA5 HSP70+
 hsp-1611 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-1648 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-162 HSPB1 HSPB2 HSPB3 HSPB8 sHSPsgt-1 (sup) SGTA SGTB TPR
 Aβ (Aβ42) C elegans Analysis of genome-widesignificant GWAS genesand RNAi screen formodifiers of Aβ-inducedworm locomotor phenotype
 Suppression or enhancementof paralysis in worm(locomotor phenotype)
 cct-1 (sup) TCP1 HSP60+ Khabirova et al2014cct-8 (sup) CCT8 HSP60+
 hsp-1 (sup) HSPA8 HSP70+dnj-7 (sup) DNAJC3 HSP40phi-12 (sup) CRNKL1 TPR
 Amyotrophic lateral sclerosis (ALS)Superoxide dismutatase 1(SOD1)
 C elegans Whole-genome RNAi screen ofage-dependent aggregation ineri-1 and lin-15B mutant wormfor modifiers of aggregation ofmisfolding-prone mutant humanSOD1-G85R expressed inneurons
 Level of aggregation neurotoxicityand strength of locomotordefect phenotype intransgenic animals associatedwith soluble oligomers andinsoluble aggregates ofG85R protein
 dnj-19 DNAJA2 HSP40 Wang et al 2009F08H94 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8sHSP
 cct-4 cct-5 CCT4 CCT5 HSP60+hsp-110 HSPH1 HSPA4 HSPA4L HSP70+stc-1 HSPA13 HSP70+
 Polyglutamine diseases (eg Huntingtonrsquos disease)polyQ D melanogaster Genetic screen of 7000
 P-element insertions in flies forsuppressors of polyQ toxicity
 Eye degeneration caused byexpression of polyglutamine(UAS-127Q) in the fly eye
 dHdj1 DNAJB4 HSP40 Kazemi-Esfarjaniand Benzer 2000Tpr2 DNAJC7 HSP40
 Huntingtin S cerevisiae Overexpression and deletion ofyeast chaperones from majorchaperome families
 Extent of aggregation inrelation to polyQ repeatlength of N-terminal huntingtin
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40 Krobitsch andLindquist 2000
 SSA1 HSPA8 HSP70+HSP104 CLPB HSP100+
 polyQ (HD53Q huntingtinfragment)
 S cerevisiae Synthetic lethality screen ofmutant huntingtin fragmentHD53Q against 4850 haploidmutants containing deletions ofnonessential genes
 Synthetic lethality or enhancedtoxicity of HD53Q
 apj1Δ ndash ndash Willingham et al2003hlj1Δ DNAJB14 HSP40
 fpr2Δ FKBP2 HSP90
 polyQ C elegans Genome-wide RNAi screen forsuppressors of age-dependentpolyQ aggregation in transgenicC elegans expressing polyQ(Q35) YFP-fusion protein
 Premature appearance ofaggregates upon RNAi
 cct-1 cct-2 cct-4cct-5 cct-6 cct-7
 TCP1 CCT2 CCT4 CCT5CCT6 CCT7
 HSP60+ Nollen et al 2004
 hsp-1 HSPA8 HSP70+hsp-6 HSPA9 HSP70+rme-8 DNAJC13 HSP40spg-7 AFG3L2 MITO+
 polyQ (HTT103Q huntingtinfragment)
 S cerevisiae Genome-wide loss-of-functionscreen of 4850 strains forsuppressors of mutant Httfragment toxicity
 Suppression of Htt103Q-inducedtoxicity in yeast
 hsp104Δ CLPB HSP100+ Giorgini et al 2005
 Continued
 826
 SPECIALARTICLE
 Disea
 seModels
 ampMech
 anisms(2016)
 9823-838doi101242dm
 m024703
 Disease Models amp Mechanisms
  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ S cerevisiae Affinity isolation of FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast followed by 2D-gelelectrophoresis and massspectrometry
 Overrepresentation of proteinsassociated with FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Wang et al 2007
 SSB1 HSPA13 HSP70+HSP42 CRYAA CRYAB HSPB1
 HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40
 SGT2 SGTB DYX1C1 TPRHuntingtin D melanogaster Huntingtin protein interaction
 mapping by high-throughputyeast two-hybrid (Y2H) and AP-MS
 Huntingtin-fragment-inducedneurodegeneration phenotypein eye model of polyglutaminetoxicity
 ndash ndash ndash Kaltenbach et al2007
 polyQ (huntingtin exon 1) D melanogaster Genome-wide RNAi screen formodifiers of age-dependentaggregation of mutant huntingtinin transgenic fly lines
 Aggregates of mutant huntingtinas GFP fusion expressed inDrosophila eyes (GMR-Gal4driver)
 Hsc70-3 (en) HSPA5 HSP70+ Zhang et al 2010Hsc70-4 (en) HSPA8 HSP70+Tcp-1 (en) TCP1 HSP60+Hsc70-5 (sup) HSPA9 HSP70+DnaJ-1 (sup) DNAJB4 HSP40Hop (sup) STIP1 TPRCG6603 (sup) HSPH1 HSPA4 HSPA4L HSP70+
 polyQ S cerevisiae Treatment with Hsp70 stimulatorcompound 115-7c sequentialimmunoprecipitations in yeastcells expressing soluble (Q25)or aggregation-prone (Q103)polyQ fragments LC-MSMStandem mass spectrometry foridentification of polyQinteraction partners
 Count of yeast cells withaggregates and [RNQ1]phenotype
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Walter et al 2011
 SSA3 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 SSB1 SSB2 HSPA13 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 SSZ1 HSPA14 HSP70+HSP12 ndash ndash
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 Hsp60 HSPD1 HSP60+HSP82 HSC82 HSP90AA1 HSP90AB1 HSP90+HSP104 CLPB HSP100+CPR1 PPIA PPIAL4A PPIAL4B
 PPIAL4C PPIAL4D PPIAL4GPPIE PPIF
 HSP90
 FPR1 FKBP4 FKBP6 FKBP1AFKBP5 FKBP3 FKBP8FKBP1B
 HSP90
 KAR2 HSPA5 HSP70+PHB1 PHB MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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sclerosis (ALS) are characterized by abnormal aggregation ofmisfolded proteins ie amyloid β (Aβ) and tau in AD α-synucleinin PD huntingtin in HD and TAR DNA-binding protein (TDP-43also known as TARDBP) in ALS (Knowles et al 2014) A growingbody of evidence strongly suggests that failures or insufficiencies invarious molecular chaperone systems are involved in the pathologyof neurodegenerationTranscriptome analyses have been useful in identifying patterns of
 specific chaperones and co-chaperones that are upregulated ordownregulated in response to cellular stressors such as geneticenvironmental or chemical perturbations that challenge the folding ofthe proteome (Gasch et al 2000 Lamitina et al 2006) Organismalaging entails chronic stress on the proteome thus significant changesin chaperome expression could represent adaptive responses of aneuroprotective nature to an increasing proteotoxic burden orconversely could reflect the failure of chaperome function toprotect the cellular proteome (Halaschek-Wiener et al 2005Gidalevitz et al 2006) A systematic analysis of chaperone and co-chaperone gene expression dynamics during aging revealed that onethird (32) of chaperome genes were significantly repressed inhuman aging brains when compared with overall repression of genesin the aging genome (Brehme et al 2014) Interestingly this selectiverepression of the chaperome affects the major ATP-dependentchaperones and the full spectrum of chaperome families whereasATP-independent chaperones are mostly unaffected by repressionpointing towards a potential link with declining mitochondrialfunction in aging organisms (Lund et al 2002 Zahn et al 2006)The HSP40 HSP60 and HSP70 families were amongst the mostrepressed chaperones with HSP70s being the most repressed groupoverall However in contrast with the broad spectrum of repressedchaperone families sHSPs and the TPR co-chaperone proteins werethe only families that were significantly induced This selectiveactivation of specific chaperome families could indicate that theseproteins are involved in a general cellular stress responseAging correlates with cognitive decline and represents the most
 significant risk factor for dementia and neurodegenerative diseases
 (Brookmeyer et al 1998 Hof and Morrison 2004 de Lau andBreteler 2006) Intriguingly age-related changes in chaperomegene expression observed in aging brains are exacerbated in age-onset neurodegenerative diseases (Brehme et al 2014) It ispossible that differences in chaperome expression dynamics inindividuals account for varying degrees of disease predispositionage-of-onset or severity of disease progression Thereforeidentifying the functionally decisive chaperone machineries thatcollapse and fail to prevent the overwhelming misfolding lsquocrisisrsquothat occurs during normal aging could guide chaperome-directedtherapeutic intervention of misfolding diseases
 Models of protein-misfolding diseases have been invaluable forestablishing the contribution of the chaperome to proteostasismaintenance Here we survey the relevant literature covering thelast 16 years and report on studies that utilized widely adoptedmodel organisms expressing a subset of misfolding disease-relatedproteins We outline directed candidate gene approaches thatdemonstrated a crucial role for major chaperome families inmaintaining proteostasis In addition we use the collective powerof diverse genetic studies to highlight the shared chaperome familiesidentified in screens as modulators of proteotoxicity Ourquantitative analysis of the frequency with which specificchaperones and co-chaperones were identified reveals anoverrepresentation of sHSPs and the HSP70-HSP40 machineGuided by the compilation of data generated during thisrepresentative literature survey we discuss potential concepts fortherapeutic intervention strategies that target these key chaperonesduring human protein-misfolding diseases
 Model systems of protein-misfolding diseasesOur survey of research articles using model systems of protein-misfolding diseases reaches back to the release of the humangenome sequence in 2000 We selected representative studies thatexamined the effects of chaperones and co-chaperones in terms ofenhancement or suppression of proteotoxicity associated withexpression of disease-related proteins Although there is asubstantial wealth of studies using various model systems ourselection focused on the most commonly used genetically amenablemodel organisms ndash yeast worms and flies ndash that express one of thefollowing misfolded disease-associated proteins a polyglutamine(polyQ) protein such as huntingtin α-synuclein Aβ tausuperoxide dismutase 1 (SOD1) TAR DNA-binding protein(TDP-43) fused in sarcoma RNA-binding protein (FUS) or theSup35 prion protein It has been proposed that misfolding of theseproteins places a chronic burden on the cellular folding networkwhich over time exceeds the proteostasis boundary leading toproteostasis collapse (Gidalevitz et al 2006 Powers et al 2009Olzscha et al 2011 Morimoto 2014) Genetic approaches usingthese disease models demonstrate that the chaperome plays a crucialrole in protecting cells from proteotoxicity
 The functional role of chaperome families or individual familymembers can be investigated using a variety of genetic approachesguided by phenotypic readouts for changes in proteotoxicityResearch articles considered in this survey manipulate modifiergenes either by overexpression (Warrick et al 1999 Auluck et al2002 Krobitsch and Lindquist 2000 Chan et al 2000 2002Shulman and Feany 2003 Cao et al 2005 Al-Ramahi et al2006 Cooper et al 2006 Tam et al 2006 Bilen and Bonini2007 Kaltenbach et al 2007 Liang et al 2008 Sadlish et al2008 Roodveldt et al 2009 Yeger-Lotem et al 2009 Eldenet al 2010 Vos et al 2010 Ju et al 2011 Sun et al 2011Duennwald et al 2012 Wolfe et al 2013 2014 Kim et al
 Box 1 GlossaryChaperome The interconnected network of chaperones and co-chaperones that work cooperatively in cellular protein folding refoldingand degradationChaperone Protein that facilitates the folding refolding and assembly ofmacromolecular structures either through the use of ATP in cycles ofsubstrate binding and release or in an ATP-independent lsquoholdingrsquomodeCo-chaperone Protein that assists and modulates its cognatechaperonersquos activityProteostasis The combined action of processes by which cellsmaintain a lsquohealthyrsquo proteome including proper native foldinginteraction profile concentration and subcellular localizationProteome The ensemble of proteins expressed from protein-codinggenes in the human genome by a particular cell at a given point in timeincluding splice variants and post-translationally modified proteinspeciesInteractome The ensemble of molecular interactions in a particular cellat a given point in time including physical protein-protein interactionsFoldasesfolders Molecular chaperones that utilize ATP in cycles ofsubstrate binding and release in order to support the folding or refoldingof their cognate client proteinsHoldasesholders Molecular chaperones that act in an ATP-independent manner by binding and shielding exposed hydrophobicregions of nascent or misfolded polypeptides as well as foldingintermediates to prevent their aggregation or aberrant interaction withcellular proteins
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  2014 Fonte et al 2008) through knockdown (Fonte et al 2002Nollen et al 2004 Kraemer et al 2006 Kaltenbach et al 2007Hamamichi et al 2008 Kuwahara et al 2008 Van Ham et al2008 Roodveldt et al 2009 Wang et al 2009 Zhang et al2010 Calamini et al 2011 Silva et al 2011 Brehme et al2014 Khabirova et al 2014 Jimenez-Sanchez et al 2015) or byintroduction of point mutations (Warrick et al 1999 Chan et al2000 2002) or deletions (Fernandez-Funez et al 2000 Krobitschand Lindquist 2000 Willingham et al 2003 Giorgini et al2005 Ritson et al 2010 Butler et al 2012) in order to exploretheir role in diseases of protein misfolding Our survey coversdifferent measures of proteotoxicity evaluating the enhancementor suppression of various phenotypes as a readout for chaperonefunctionality including aggregation (Krobitsch and Lindquist2000 Fonte et al 2002 Nollen et al 2004 Tam et al 2006Wang et al 2007 2009 Hamamichi et al 2008 Sadlish et al2008 Van Ham et al 2008 Roodveldt et al 2009 Vos et al2010 Zhang et al 2010 Calamini et al 2011 Ju et al 2011Silva et al 2011 Sun et al 2011 Walter et al 2011 Duennwaldet al 2012 Wolfe et al 2013) neurodegeneration (Warrick et al1999 Chan et al 2000 2002 Fernandez-Funez et al 2000Kazemi-Esfarjani and Benzer 2000 Auluck et al 2002 2005Shulman and Feany 2003 Al-Ramahi 2006 Bilen and Bonini2007 Kaltenbach et al 2007 Hamamichi et al 2008 Wanget al 2009 Ritson et al 2010 Vos et al 2010 Jimenez-Sanchezet al 2015) or cellular toxicity (Willingham et al 2003Cao et al 2005 Giorgini et al 2005 Cooper et al 2006Kraemer et al 2006 Kuwahara et al 2008 Liang et al 2008Yeger-Lotem et al 2009 Elden et al 2010 Vos et al 2010Calamini et al 2011 Ju et al 2011 Sun et al 2011 Butler et al2012 Wolfe et al 2013 2014 Brehme et al 2014 Khabirovaet al 2014 Kim et al 2014) Based on this collection of studieswe first review findings based on the use of a defined singlecandidate gene to demonstrate a role for each of the majorchaperome families in modifying proteotoxicity Next we compileand report on those chaperones and co-chaperones that wereidentified in unbiased screens in various model systems (Table 1)grouped by respective misfolding diseases listing the approachand phenotypic readout and noting the human orthologs
 Major chaperome families participate in proteostasismaintenanceMany studies based on model systems support a role for candidatesfrom each of the major chaperome families HSP100 HSP90HSP70 HSP60 HSP40 sHSPs and TPR-domain-containingproteins in proteostasis These studies center on expressingdisease-associated genes in model systems establishing toxicityby monitoring neurodegeneration or growth and testing whetherchanging the expression level of a specific chaperone or co-chaperone modifies toxicity Subtle alterations in morphology ofaggregates or aggregate number can also be monitored providingadditional measures for investigating the role of the chaperome indisease Early studies demonstrated that overexpression of a specifichuman HSP70 (HSPA1L) in a Drosophila disease modelsuppressed neurodegeneration associated with expression ofpolyQ-containing forms of both ataxin 3 or androgen receptorand α-synuclein (Warrick et al 1999 Chan et al 2000 2002Auluck et al 2002) In a yeast model expressing the N-terminalfragment of a polyQ-containing huntingtin protein overexpressionof the yeast HSP70 (SSA1) reduced aggregate formation whereasthe dominant-negative version of the fly homolog to HSPA1LHsc4-K71S enhanced neurodegeneration (Warrick et al 1999
 Chan et al 2000 2002 Krobitsch and Lindquist 2000 Tam et al2006) These studies revealed that an increase in levels of HSP70reduced aggregation of disease-associated proteins thus playing aneuroprotective role
 Candidates from the remaining chaperome families have alsobeen tested using a similar targeted approach For exampleoverexpression of the human TPR domain-containing co-chaperone CHIP suppresses neurodegeneration in fly modelsexpressing polyQ-containing versions of ataxin 1 and theN-terminal huntingtin fragment (Al-Ramahi et al 2006)Likewise overexpression of the yeast TPR-domain-containing co-chaperone STI1 suppresses toxicity in a yeast model expressing theexpanded huntingtin fragment (Wolfe et al 2013) The co-chaperone HSP40 (dHdj-1 and SIS1) and the nucleotide exchangefactor SSE1 that specifically modulate HSP70 activity were alsoshown to suppress toxicity and aggregation in yeast and fly diseasemodels (Chan et al 2000 Krobitsch and Lindquist 2000 Sadlishet al 2008) In addition to co-chaperones overexpression of thehuman sHSP (HSPB7) a Caenorhabditis elegans HSP100homolog (tor-2) and the yeast HSP60 subunit (CCT-1) andHSP90 homolog (HSP82) reduced toxicity and aggregation (Caoet al 2005 Tam et al 2006 Liang et al 2008 Vos et al 2010)Taken together the directed examination of overexpression ofcandidates from the major chaperome families argues for thechaperome playing a crucial role in maintaining proteostasis andcellular health
 It is also worth noting that within certain families specificmembers had greater protective effects compared with others Thecytosolic HSP60 CCTTRiC complex contains eight subunits yetonly overexpression of subunits CCT1 and CCT4 reduced toxicityin yeast expressing the expanded huntingtin fragment (Tam et al2006) The remaining six subunits had little to no effect Of the twoHSP40 family members tested SIS1 but not YDJ1 reducedaggregation in the yeast model expressing the huntingtin fragment(Krobitsch and Lindquist 2000) Furthermore the yeast HSP100homolog HSP104 did not suppress neurodegeneration in wormswhereas the overexpression of a C elegans HSP100 tor-2 restoredneuronal health (Cao et al 2005) Each of these directed studies in amodel system for protein-misfolding disease suggest that certainchaperome families and specific members within these families playa more important role in proteostasis than others
 Studies using a candidate gene approach established afundamental role for the chaperome in protein-misfoldingdiseases Furthermore these studies suggested a differentialimportance of specific chaperome families and individualmembers within families in proteostasis However most of thesestudies examine only one model system expressing one diseaseprotein and measure a single readout limiting our ability to interpretindividual contributions of chaperome components to proteostasisOver the last 16 years experimental tools to manipulate the genomeincluding yeast deletion and overexpression libraries and RNAilibraries in C elegans have emerged allowing a less biasedapproach to uncovering the effect of chaperome families and theirindividual members in proteostasis We selected a set of studies thatattempt to be more comprehensive in their testing of chaperonesutilize genome-wide screens to provide an unbiased sampling ofgenes or examine proteins associated with aggregates (Table 1)These studies employ different model systems disease proteins celltypes and phenotypic readouts of proteotoxicity Harnessing thecollective power of these diverse genetic studies we compiled a listof the chaperones and co-chaperones identified in each study anddetermined the frequency at which each individual candidate was
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  Table 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Amyloidosis (eg Alzheimerrsquos disease)Aβ (Aβ42) C elegans AP-MS (affinity-purification mass
 spectrometry) analysis ofmolecular interactors of humanβ-amyloid peptide and RNAianalysis of chaperoneinteractor function in worm
 Co-immunoprecipitation studiesand readout of toxicity intransgenic worms expressingAβ upon RNAi of interactingchaperones and co-chaperones
 hsp-1 HSPA8 HSP70+ Fonte et al 2002Fonte et al 2008hsp-3 HSPA5 HSP70+
 hsp-1611 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-1648 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-162 HSPB1 HSPB2 HSPB3 HSPB8 sHSPsgt-1 (sup) SGTA SGTB TPR
 Aβ (Aβ42) C elegans Analysis of genome-widesignificant GWAS genesand RNAi screen formodifiers of Aβ-inducedworm locomotor phenotype
 Suppression or enhancementof paralysis in worm(locomotor phenotype)
 cct-1 (sup) TCP1 HSP60+ Khabirova et al2014cct-8 (sup) CCT8 HSP60+
 hsp-1 (sup) HSPA8 HSP70+dnj-7 (sup) DNAJC3 HSP40phi-12 (sup) CRNKL1 TPR
 Amyotrophic lateral sclerosis (ALS)Superoxide dismutatase 1(SOD1)
 C elegans Whole-genome RNAi screen ofage-dependent aggregation ineri-1 and lin-15B mutant wormfor modifiers of aggregation ofmisfolding-prone mutant humanSOD1-G85R expressed inneurons
 Level of aggregation neurotoxicityand strength of locomotordefect phenotype intransgenic animals associatedwith soluble oligomers andinsoluble aggregates ofG85R protein
 dnj-19 DNAJA2 HSP40 Wang et al 2009F08H94 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8sHSP
 cct-4 cct-5 CCT4 CCT5 HSP60+hsp-110 HSPH1 HSPA4 HSPA4L HSP70+stc-1 HSPA13 HSP70+
 Polyglutamine diseases (eg Huntingtonrsquos disease)polyQ D melanogaster Genetic screen of 7000
 P-element insertions in flies forsuppressors of polyQ toxicity
 Eye degeneration caused byexpression of polyglutamine(UAS-127Q) in the fly eye
 dHdj1 DNAJB4 HSP40 Kazemi-Esfarjaniand Benzer 2000Tpr2 DNAJC7 HSP40
 Huntingtin S cerevisiae Overexpression and deletion ofyeast chaperones from majorchaperome families
 Extent of aggregation inrelation to polyQ repeatlength of N-terminal huntingtin
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40 Krobitsch andLindquist 2000
 SSA1 HSPA8 HSP70+HSP104 CLPB HSP100+
 polyQ (HD53Q huntingtinfragment)
 S cerevisiae Synthetic lethality screen ofmutant huntingtin fragmentHD53Q against 4850 haploidmutants containing deletions ofnonessential genes
 Synthetic lethality or enhancedtoxicity of HD53Q
 apj1Δ ndash ndash Willingham et al2003hlj1Δ DNAJB14 HSP40
 fpr2Δ FKBP2 HSP90
 polyQ C elegans Genome-wide RNAi screen forsuppressors of age-dependentpolyQ aggregation in transgenicC elegans expressing polyQ(Q35) YFP-fusion protein
 Premature appearance ofaggregates upon RNAi
 cct-1 cct-2 cct-4cct-5 cct-6 cct-7
 TCP1 CCT2 CCT4 CCT5CCT6 CCT7
 HSP60+ Nollen et al 2004
 hsp-1 HSPA8 HSP70+hsp-6 HSPA9 HSP70+rme-8 DNAJC13 HSP40spg-7 AFG3L2 MITO+
 polyQ (HTT103Q huntingtinfragment)
 S cerevisiae Genome-wide loss-of-functionscreen of 4850 strains forsuppressors of mutant Httfragment toxicity
 Suppression of Htt103Q-inducedtoxicity in yeast
 hsp104Δ CLPB HSP100+ Giorgini et al 2005
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ S cerevisiae Affinity isolation of FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast followed by 2D-gelelectrophoresis and massspectrometry
 Overrepresentation of proteinsassociated with FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Wang et al 2007
 SSB1 HSPA13 HSP70+HSP42 CRYAA CRYAB HSPB1
 HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40
 SGT2 SGTB DYX1C1 TPRHuntingtin D melanogaster Huntingtin protein interaction
 mapping by high-throughputyeast two-hybrid (Y2H) and AP-MS
 Huntingtin-fragment-inducedneurodegeneration phenotypein eye model of polyglutaminetoxicity
 ndash ndash ndash Kaltenbach et al2007
 polyQ (huntingtin exon 1) D melanogaster Genome-wide RNAi screen formodifiers of age-dependentaggregation of mutant huntingtinin transgenic fly lines
 Aggregates of mutant huntingtinas GFP fusion expressed inDrosophila eyes (GMR-Gal4driver)
 Hsc70-3 (en) HSPA5 HSP70+ Zhang et al 2010Hsc70-4 (en) HSPA8 HSP70+Tcp-1 (en) TCP1 HSP60+Hsc70-5 (sup) HSPA9 HSP70+DnaJ-1 (sup) DNAJB4 HSP40Hop (sup) STIP1 TPRCG6603 (sup) HSPH1 HSPA4 HSPA4L HSP70+
 polyQ S cerevisiae Treatment with Hsp70 stimulatorcompound 115-7c sequentialimmunoprecipitations in yeastcells expressing soluble (Q25)or aggregation-prone (Q103)polyQ fragments LC-MSMStandem mass spectrometry foridentification of polyQinteraction partners
 Count of yeast cells withaggregates and [RNQ1]phenotype
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Walter et al 2011
 SSA3 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 SSB1 SSB2 HSPA13 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 SSZ1 HSPA14 HSP70+HSP12 ndash ndash
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 Hsp60 HSPD1 HSP60+HSP82 HSC82 HSP90AA1 HSP90AB1 HSP90+HSP104 CLPB HSP100+CPR1 PPIA PPIAL4A PPIAL4B
 PPIAL4C PPIAL4D PPIAL4GPPIE PPIF
 HSP90
 FPR1 FKBP4 FKBP6 FKBP1AFKBP5 FKBP3 FKBP8FKBP1B
 HSP90
 KAR2 HSPA5 HSP70+PHB1 PHB MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 832
 SPECIAL ARTICLE Disease Models amp Mechanisms (2016) 9 823-838 doi101242dmm024703
 Disea
 seModelsampMechan
 isms
  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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2014 Fonte et al 2008) through knockdown (Fonte et al 2002Nollen et al 2004 Kraemer et al 2006 Kaltenbach et al 2007Hamamichi et al 2008 Kuwahara et al 2008 Van Ham et al2008 Roodveldt et al 2009 Wang et al 2009 Zhang et al2010 Calamini et al 2011 Silva et al 2011 Brehme et al2014 Khabirova et al 2014 Jimenez-Sanchez et al 2015) or byintroduction of point mutations (Warrick et al 1999 Chan et al2000 2002) or deletions (Fernandez-Funez et al 2000 Krobitschand Lindquist 2000 Willingham et al 2003 Giorgini et al2005 Ritson et al 2010 Butler et al 2012) in order to exploretheir role in diseases of protein misfolding Our survey coversdifferent measures of proteotoxicity evaluating the enhancementor suppression of various phenotypes as a readout for chaperonefunctionality including aggregation (Krobitsch and Lindquist2000 Fonte et al 2002 Nollen et al 2004 Tam et al 2006Wang et al 2007 2009 Hamamichi et al 2008 Sadlish et al2008 Van Ham et al 2008 Roodveldt et al 2009 Vos et al2010 Zhang et al 2010 Calamini et al 2011 Ju et al 2011Silva et al 2011 Sun et al 2011 Walter et al 2011 Duennwaldet al 2012 Wolfe et al 2013) neurodegeneration (Warrick et al1999 Chan et al 2000 2002 Fernandez-Funez et al 2000Kazemi-Esfarjani and Benzer 2000 Auluck et al 2002 2005Shulman and Feany 2003 Al-Ramahi 2006 Bilen and Bonini2007 Kaltenbach et al 2007 Hamamichi et al 2008 Wanget al 2009 Ritson et al 2010 Vos et al 2010 Jimenez-Sanchezet al 2015) or cellular toxicity (Willingham et al 2003Cao et al 2005 Giorgini et al 2005 Cooper et al 2006Kraemer et al 2006 Kuwahara et al 2008 Liang et al 2008Yeger-Lotem et al 2009 Elden et al 2010 Vos et al 2010Calamini et al 2011 Ju et al 2011 Sun et al 2011 Butler et al2012 Wolfe et al 2013 2014 Brehme et al 2014 Khabirovaet al 2014 Kim et al 2014) Based on this collection of studieswe first review findings based on the use of a defined singlecandidate gene to demonstrate a role for each of the majorchaperome families in modifying proteotoxicity Next we compileand report on those chaperones and co-chaperones that wereidentified in unbiased screens in various model systems (Table 1)grouped by respective misfolding diseases listing the approachand phenotypic readout and noting the human orthologs
 Major chaperome families participate in proteostasismaintenanceMany studies based on model systems support a role for candidatesfrom each of the major chaperome families HSP100 HSP90HSP70 HSP60 HSP40 sHSPs and TPR-domain-containingproteins in proteostasis These studies center on expressingdisease-associated genes in model systems establishing toxicityby monitoring neurodegeneration or growth and testing whetherchanging the expression level of a specific chaperone or co-chaperone modifies toxicity Subtle alterations in morphology ofaggregates or aggregate number can also be monitored providingadditional measures for investigating the role of the chaperome indisease Early studies demonstrated that overexpression of a specifichuman HSP70 (HSPA1L) in a Drosophila disease modelsuppressed neurodegeneration associated with expression ofpolyQ-containing forms of both ataxin 3 or androgen receptorand α-synuclein (Warrick et al 1999 Chan et al 2000 2002Auluck et al 2002) In a yeast model expressing the N-terminalfragment of a polyQ-containing huntingtin protein overexpressionof the yeast HSP70 (SSA1) reduced aggregate formation whereasthe dominant-negative version of the fly homolog to HSPA1LHsc4-K71S enhanced neurodegeneration (Warrick et al 1999
 Chan et al 2000 2002 Krobitsch and Lindquist 2000 Tam et al2006) These studies revealed that an increase in levels of HSP70reduced aggregation of disease-associated proteins thus playing aneuroprotective role
 Candidates from the remaining chaperome families have alsobeen tested using a similar targeted approach For exampleoverexpression of the human TPR domain-containing co-chaperone CHIP suppresses neurodegeneration in fly modelsexpressing polyQ-containing versions of ataxin 1 and theN-terminal huntingtin fragment (Al-Ramahi et al 2006)Likewise overexpression of the yeast TPR-domain-containing co-chaperone STI1 suppresses toxicity in a yeast model expressing theexpanded huntingtin fragment (Wolfe et al 2013) The co-chaperone HSP40 (dHdj-1 and SIS1) and the nucleotide exchangefactor SSE1 that specifically modulate HSP70 activity were alsoshown to suppress toxicity and aggregation in yeast and fly diseasemodels (Chan et al 2000 Krobitsch and Lindquist 2000 Sadlishet al 2008) In addition to co-chaperones overexpression of thehuman sHSP (HSPB7) a Caenorhabditis elegans HSP100homolog (tor-2) and the yeast HSP60 subunit (CCT-1) andHSP90 homolog (HSP82) reduced toxicity and aggregation (Caoet al 2005 Tam et al 2006 Liang et al 2008 Vos et al 2010)Taken together the directed examination of overexpression ofcandidates from the major chaperome families argues for thechaperome playing a crucial role in maintaining proteostasis andcellular health
 It is also worth noting that within certain families specificmembers had greater protective effects compared with others Thecytosolic HSP60 CCTTRiC complex contains eight subunits yetonly overexpression of subunits CCT1 and CCT4 reduced toxicityin yeast expressing the expanded huntingtin fragment (Tam et al2006) The remaining six subunits had little to no effect Of the twoHSP40 family members tested SIS1 but not YDJ1 reducedaggregation in the yeast model expressing the huntingtin fragment(Krobitsch and Lindquist 2000) Furthermore the yeast HSP100homolog HSP104 did not suppress neurodegeneration in wormswhereas the overexpression of a C elegans HSP100 tor-2 restoredneuronal health (Cao et al 2005) Each of these directed studies in amodel system for protein-misfolding disease suggest that certainchaperome families and specific members within these families playa more important role in proteostasis than others
 Studies using a candidate gene approach established afundamental role for the chaperome in protein-misfoldingdiseases Furthermore these studies suggested a differentialimportance of specific chaperome families and individualmembers within families in proteostasis However most of thesestudies examine only one model system expressing one diseaseprotein and measure a single readout limiting our ability to interpretindividual contributions of chaperome components to proteostasisOver the last 16 years experimental tools to manipulate the genomeincluding yeast deletion and overexpression libraries and RNAilibraries in C elegans have emerged allowing a less biasedapproach to uncovering the effect of chaperome families and theirindividual members in proteostasis We selected a set of studies thatattempt to be more comprehensive in their testing of chaperonesutilize genome-wide screens to provide an unbiased sampling ofgenes or examine proteins associated with aggregates (Table 1)These studies employ different model systems disease proteins celltypes and phenotypic readouts of proteotoxicity Harnessing thecollective power of these diverse genetic studies we compiled a listof the chaperones and co-chaperones identified in each study anddetermined the frequency at which each individual candidate was
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  Table 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Amyloidosis (eg Alzheimerrsquos disease)Aβ (Aβ42) C elegans AP-MS (affinity-purification mass
 spectrometry) analysis ofmolecular interactors of humanβ-amyloid peptide and RNAianalysis of chaperoneinteractor function in worm
 Co-immunoprecipitation studiesand readout of toxicity intransgenic worms expressingAβ upon RNAi of interactingchaperones and co-chaperones
 hsp-1 HSPA8 HSP70+ Fonte et al 2002Fonte et al 2008hsp-3 HSPA5 HSP70+
 hsp-1611 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-1648 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-162 HSPB1 HSPB2 HSPB3 HSPB8 sHSPsgt-1 (sup) SGTA SGTB TPR
 Aβ (Aβ42) C elegans Analysis of genome-widesignificant GWAS genesand RNAi screen formodifiers of Aβ-inducedworm locomotor phenotype
 Suppression or enhancementof paralysis in worm(locomotor phenotype)
 cct-1 (sup) TCP1 HSP60+ Khabirova et al2014cct-8 (sup) CCT8 HSP60+
 hsp-1 (sup) HSPA8 HSP70+dnj-7 (sup) DNAJC3 HSP40phi-12 (sup) CRNKL1 TPR
 Amyotrophic lateral sclerosis (ALS)Superoxide dismutatase 1(SOD1)
 C elegans Whole-genome RNAi screen ofage-dependent aggregation ineri-1 and lin-15B mutant wormfor modifiers of aggregation ofmisfolding-prone mutant humanSOD1-G85R expressed inneurons
 Level of aggregation neurotoxicityand strength of locomotordefect phenotype intransgenic animals associatedwith soluble oligomers andinsoluble aggregates ofG85R protein
 dnj-19 DNAJA2 HSP40 Wang et al 2009F08H94 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8sHSP
 cct-4 cct-5 CCT4 CCT5 HSP60+hsp-110 HSPH1 HSPA4 HSPA4L HSP70+stc-1 HSPA13 HSP70+
 Polyglutamine diseases (eg Huntingtonrsquos disease)polyQ D melanogaster Genetic screen of 7000
 P-element insertions in flies forsuppressors of polyQ toxicity
 Eye degeneration caused byexpression of polyglutamine(UAS-127Q) in the fly eye
 dHdj1 DNAJB4 HSP40 Kazemi-Esfarjaniand Benzer 2000Tpr2 DNAJC7 HSP40
 Huntingtin S cerevisiae Overexpression and deletion ofyeast chaperones from majorchaperome families
 Extent of aggregation inrelation to polyQ repeatlength of N-terminal huntingtin
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40 Krobitsch andLindquist 2000
 SSA1 HSPA8 HSP70+HSP104 CLPB HSP100+
 polyQ (HD53Q huntingtinfragment)
 S cerevisiae Synthetic lethality screen ofmutant huntingtin fragmentHD53Q against 4850 haploidmutants containing deletions ofnonessential genes
 Synthetic lethality or enhancedtoxicity of HD53Q
 apj1Δ ndash ndash Willingham et al2003hlj1Δ DNAJB14 HSP40
 fpr2Δ FKBP2 HSP90
 polyQ C elegans Genome-wide RNAi screen forsuppressors of age-dependentpolyQ aggregation in transgenicC elegans expressing polyQ(Q35) YFP-fusion protein
 Premature appearance ofaggregates upon RNAi
 cct-1 cct-2 cct-4cct-5 cct-6 cct-7
 TCP1 CCT2 CCT4 CCT5CCT6 CCT7
 HSP60+ Nollen et al 2004
 hsp-1 HSPA8 HSP70+hsp-6 HSPA9 HSP70+rme-8 DNAJC13 HSP40spg-7 AFG3L2 MITO+
 polyQ (HTT103Q huntingtinfragment)
 S cerevisiae Genome-wide loss-of-functionscreen of 4850 strains forsuppressors of mutant Httfragment toxicity
 Suppression of Htt103Q-inducedtoxicity in yeast
 hsp104Δ CLPB HSP100+ Giorgini et al 2005
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ S cerevisiae Affinity isolation of FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast followed by 2D-gelelectrophoresis and massspectrometry
 Overrepresentation of proteinsassociated with FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Wang et al 2007
 SSB1 HSPA13 HSP70+HSP42 CRYAA CRYAB HSPB1
 HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40
 SGT2 SGTB DYX1C1 TPRHuntingtin D melanogaster Huntingtin protein interaction
 mapping by high-throughputyeast two-hybrid (Y2H) and AP-MS
 Huntingtin-fragment-inducedneurodegeneration phenotypein eye model of polyglutaminetoxicity
 ndash ndash ndash Kaltenbach et al2007
 polyQ (huntingtin exon 1) D melanogaster Genome-wide RNAi screen formodifiers of age-dependentaggregation of mutant huntingtinin transgenic fly lines
 Aggregates of mutant huntingtinas GFP fusion expressed inDrosophila eyes (GMR-Gal4driver)
 Hsc70-3 (en) HSPA5 HSP70+ Zhang et al 2010Hsc70-4 (en) HSPA8 HSP70+Tcp-1 (en) TCP1 HSP60+Hsc70-5 (sup) HSPA9 HSP70+DnaJ-1 (sup) DNAJB4 HSP40Hop (sup) STIP1 TPRCG6603 (sup) HSPH1 HSPA4 HSPA4L HSP70+
 polyQ S cerevisiae Treatment with Hsp70 stimulatorcompound 115-7c sequentialimmunoprecipitations in yeastcells expressing soluble (Q25)or aggregation-prone (Q103)polyQ fragments LC-MSMStandem mass spectrometry foridentification of polyQinteraction partners
 Count of yeast cells withaggregates and [RNQ1]phenotype
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Walter et al 2011
 SSA3 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 SSB1 SSB2 HSPA13 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 SSZ1 HSPA14 HSP70+HSP12 ndash ndash
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 Hsp60 HSPD1 HSP60+HSP82 HSC82 HSP90AA1 HSP90AB1 HSP90+HSP104 CLPB HSP100+CPR1 PPIA PPIAL4A PPIAL4B
 PPIAL4C PPIAL4D PPIAL4GPPIE PPIF
 HSP90
 FPR1 FKBP4 FKBP6 FKBP1AFKBP5 FKBP3 FKBP8FKBP1B
 HSP90
 KAR2 HSPA5 HSP70+PHB1 PHB MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
 Perc
 enta
 ge
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Amyloidosis (eg Alzheimerrsquos disease)Aβ (Aβ42) C elegans AP-MS (affinity-purification mass
 spectrometry) analysis ofmolecular interactors of humanβ-amyloid peptide and RNAianalysis of chaperoneinteractor function in worm
 Co-immunoprecipitation studiesand readout of toxicity intransgenic worms expressingAβ upon RNAi of interactingchaperones and co-chaperones
 hsp-1 HSPA8 HSP70+ Fonte et al 2002Fonte et al 2008hsp-3 HSPA5 HSP70+
 hsp-1611 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-1648 HSPB1 HSPB2 HSPB3 HSPB8 sHSPhsp-162 HSPB1 HSPB2 HSPB3 HSPB8 sHSPsgt-1 (sup) SGTA SGTB TPR
 Aβ (Aβ42) C elegans Analysis of genome-widesignificant GWAS genesand RNAi screen formodifiers of Aβ-inducedworm locomotor phenotype
 Suppression or enhancementof paralysis in worm(locomotor phenotype)
 cct-1 (sup) TCP1 HSP60+ Khabirova et al2014cct-8 (sup) CCT8 HSP60+
 hsp-1 (sup) HSPA8 HSP70+dnj-7 (sup) DNAJC3 HSP40phi-12 (sup) CRNKL1 TPR
 Amyotrophic lateral sclerosis (ALS)Superoxide dismutatase 1(SOD1)
 C elegans Whole-genome RNAi screen ofage-dependent aggregation ineri-1 and lin-15B mutant wormfor modifiers of aggregation ofmisfolding-prone mutant humanSOD1-G85R expressed inneurons
 Level of aggregation neurotoxicityand strength of locomotordefect phenotype intransgenic animals associatedwith soluble oligomers andinsoluble aggregates ofG85R protein
 dnj-19 DNAJA2 HSP40 Wang et al 2009F08H94 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8sHSP
 cct-4 cct-5 CCT4 CCT5 HSP60+hsp-110 HSPH1 HSPA4 HSPA4L HSP70+stc-1 HSPA13 HSP70+
 Polyglutamine diseases (eg Huntingtonrsquos disease)polyQ D melanogaster Genetic screen of 7000
 P-element insertions in flies forsuppressors of polyQ toxicity
 Eye degeneration caused byexpression of polyglutamine(UAS-127Q) in the fly eye
 dHdj1 DNAJB4 HSP40 Kazemi-Esfarjaniand Benzer 2000Tpr2 DNAJC7 HSP40
 Huntingtin S cerevisiae Overexpression and deletion ofyeast chaperones from majorchaperome families
 Extent of aggregation inrelation to polyQ repeatlength of N-terminal huntingtin
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40 Krobitsch andLindquist 2000
 SSA1 HSPA8 HSP70+HSP104 CLPB HSP100+
 polyQ (HD53Q huntingtinfragment)
 S cerevisiae Synthetic lethality screen ofmutant huntingtin fragmentHD53Q against 4850 haploidmutants containing deletions ofnonessential genes
 Synthetic lethality or enhancedtoxicity of HD53Q
 apj1Δ ndash ndash Willingham et al2003hlj1Δ DNAJB14 HSP40
 fpr2Δ FKBP2 HSP90
 polyQ C elegans Genome-wide RNAi screen forsuppressors of age-dependentpolyQ aggregation in transgenicC elegans expressing polyQ(Q35) YFP-fusion protein
 Premature appearance ofaggregates upon RNAi
 cct-1 cct-2 cct-4cct-5 cct-6 cct-7
 TCP1 CCT2 CCT4 CCT5CCT6 CCT7
 HSP60+ Nollen et al 2004
 hsp-1 HSPA8 HSP70+hsp-6 HSPA9 HSP70+rme-8 DNAJC13 HSP40spg-7 AFG3L2 MITO+
 polyQ (HTT103Q huntingtinfragment)
 S cerevisiae Genome-wide loss-of-functionscreen of 4850 strains forsuppressors of mutant Httfragment toxicity
 Suppression of Htt103Q-inducedtoxicity in yeast
 hsp104Δ CLPB HSP100+ Giorgini et al 2005
 Continued
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 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ S cerevisiae Affinity isolation of FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast followed by 2D-gelelectrophoresis and massspectrometry
 Overrepresentation of proteinsassociated with FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Wang et al 2007
 SSB1 HSPA13 HSP70+HSP42 CRYAA CRYAB HSPB1
 HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40
 SGT2 SGTB DYX1C1 TPRHuntingtin D melanogaster Huntingtin protein interaction
 mapping by high-throughputyeast two-hybrid (Y2H) and AP-MS
 Huntingtin-fragment-inducedneurodegeneration phenotypein eye model of polyglutaminetoxicity
 ndash ndash ndash Kaltenbach et al2007
 polyQ (huntingtin exon 1) D melanogaster Genome-wide RNAi screen formodifiers of age-dependentaggregation of mutant huntingtinin transgenic fly lines
 Aggregates of mutant huntingtinas GFP fusion expressed inDrosophila eyes (GMR-Gal4driver)
 Hsc70-3 (en) HSPA5 HSP70+ Zhang et al 2010Hsc70-4 (en) HSPA8 HSP70+Tcp-1 (en) TCP1 HSP60+Hsc70-5 (sup) HSPA9 HSP70+DnaJ-1 (sup) DNAJB4 HSP40Hop (sup) STIP1 TPRCG6603 (sup) HSPH1 HSPA4 HSPA4L HSP70+
 polyQ S cerevisiae Treatment with Hsp70 stimulatorcompound 115-7c sequentialimmunoprecipitations in yeastcells expressing soluble (Q25)or aggregation-prone (Q103)polyQ fragments LC-MSMStandem mass spectrometry foridentification of polyQinteraction partners
 Count of yeast cells withaggregates and [RNQ1]phenotype
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Walter et al 2011
 SSA3 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 SSB1 SSB2 HSPA13 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 SSZ1 HSPA14 HSP70+HSP12 ndash ndash
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 Hsp60 HSPD1 HSP60+HSP82 HSC82 HSP90AA1 HSP90AB1 HSP90+HSP104 CLPB HSP100+CPR1 PPIA PPIAL4A PPIAL4B
 PPIAL4C PPIAL4D PPIAL4GPPIE PPIF
 HSP90
 FPR1 FKBP4 FKBP6 FKBP1AFKBP5 FKBP3 FKBP8FKBP1B
 HSP90
 KAR2 HSPA5 HSP70+PHB1 PHB MITO
 Continued
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 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
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 0
 5
 10
 15
 20
 25
 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ S cerevisiae Affinity isolation of FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast followed by 2D-gelelectrophoresis and massspectrometry
 Overrepresentation of proteinsassociated with FLAG-huntingtin-exon1-polyQ(103Q)-eGFP aggregates formed inyeast
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Wang et al 2007
 SSB1 HSPA13 HSP70+HSP42 CRYAA CRYAB HSPB1
 HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SIS1 DNAJB1 DNAJB2 DNAJB4through 9 DNAJB13 DNAJC5
 HSP40
 SGT2 SGTB DYX1C1 TPRHuntingtin D melanogaster Huntingtin protein interaction
 mapping by high-throughputyeast two-hybrid (Y2H) and AP-MS
 Huntingtin-fragment-inducedneurodegeneration phenotypein eye model of polyglutaminetoxicity
 ndash ndash ndash Kaltenbach et al2007
 polyQ (huntingtin exon 1) D melanogaster Genome-wide RNAi screen formodifiers of age-dependentaggregation of mutant huntingtinin transgenic fly lines
 Aggregates of mutant huntingtinas GFP fusion expressed inDrosophila eyes (GMR-Gal4driver)
 Hsc70-3 (en) HSPA5 HSP70+ Zhang et al 2010Hsc70-4 (en) HSPA8 HSP70+Tcp-1 (en) TCP1 HSP60+Hsc70-5 (sup) HSPA9 HSP70+DnaJ-1 (sup) DNAJB4 HSP40Hop (sup) STIP1 TPRCG6603 (sup) HSPH1 HSPA4 HSPA4L HSP70+
 polyQ S cerevisiae Treatment with Hsp70 stimulatorcompound 115-7c sequentialimmunoprecipitations in yeastcells expressing soluble (Q25)or aggregation-prone (Q103)polyQ fragments LC-MSMStandem mass spectrometry foridentification of polyQinteraction partners
 Count of yeast cells withaggregates and [RNQ1]phenotype
 SSA1 SSA2 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Walter et al 2011
 SSA3 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 SSB1 SSB2 HSPA13 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 SSZ1 HSPA14 HSP70+HSP12 ndash ndash
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 Hsp60 HSPD1 HSP60+HSP82 HSC82 HSP90AA1 HSP90AB1 HSP90+HSP104 CLPB HSP100+CPR1 PPIA PPIAL4A PPIAL4B
 PPIAL4C PPIAL4D PPIAL4GPPIE PPIF
 HSP90
 FPR1 FKBP4 FKBP6 FKBP1AFKBP5 FKBP3 FKBP8FKBP1B
 HSP90
 KAR2 HSPA5 HSP70+PHB1 PHB MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 Huntingtin S cerevisiae Screen of yeast high-copyexpression library forsuppressors of nuclearhuntingtin (Htt103Q-NLS)toxicity
 Suppression of huntingtin(Htt103Q-NLS) toxicity
 STI1 STIP1 TPR Wolfe et al 2014
 Huntingtin HTTex1-Q46-eGFPGMR-HTTQ120 Q48
 D melanogaster RNAi screen in a fly model ofHD (Q48 expressed underGMR-GAL4 in the eye)
 Phenotypic rescue of eyedegeneration phenotypein HD model flies
 Cryab CRYAB sHSP Jimenez-Sanchezet al 2015
 Prion diseasesSup35 prion S cerevisiae Overexpression and deletion of
 small heat shock proteinsand HSP100
 NM-YFPDagger foci assessed byfluorescence microscopy[PSI+] and [psi2] [RNQ+]prionogenesis and curing inyeastDaggerNM=two N-terminal domains ofSup35
 HSP26 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP Duennwald et al2012
 HSP42 CRYAA CRYAB HSPB1HSPB3 HSPB6 HSPB7HSPB8 HSPB9
 sHSP
 SSA1 HSPA8 HSP70+SSE1 HSPA4 HSPA4L HSPH1 HSP70+SIS1 DNAJB1 DNAJB2 DNAJB4
 through 9 DNAJB13 DNAJC5HSP40
 YDJ1 DNAJA1 DNAJA2 DNAJA4DNAJB11
 HSP40
 HSP104 CLPB HSP100+
 Spinocerebellar ataxiasType-1 (SCA-1)
 Ataxin-1 (ATXN1) polyQD melanogaster Cross of 1500 lethal P-element
 insertions with SCA1[82Q]strain and cross of SCA1[82Q]strain with 2000 EP insertions
 Suppression or enhancementof SCA1-inducedneurodegeneration
 Hsc70-4_195 HSPA8 HSP70+ Fernandez-Funezet al 2000DnaJ1 64EF DNAJB4 HSP40
 Type-3 (SCA-3)Ataxin-3 (ATXN3) polyQ(SCA3trQ78)
 D melanogaster Genome-wide overexpressionscreen of EP-element insertionlines for modifiers of pathogenicAtaxin-3 (SCA3trQ78) toxicity
 Late-onset progressivedegeneration uponexpression of SCA3trQ78characterized by loss ofpigmentation and collapse ofthe eye
 Hsp68 HSPA1A HSPA1B HSPA1LHSPA2 HSPA6 HSPA8HSPA14
 HSP70+ Bilen and Bonini2007
 DnaJ-1 DNAJB4 HSP40Mrj DNAJB6 HSP40Tpr2 DNAJC7 HSP40CG14207 CRYAB sHSP
 Synucleinopathies (eg Parkinsonrsquos disease)α-synuclein S cerevisiae Synthetic lethality screen of α-
 synuclein against 4850 haploiddeletions of nonessentialgenes
 Synthetic lethalityenhancedtoxicity of α-synuclein
 ndash ndash ndash Willingham et al2003
 α-synuclein S cerevisiae Genome-wide overexpressionscreen for enhancers andsuppressors of α-synucleinwith library of 3000 randomlyselected ORFs
 Toxicity in yeast and dopaminergicneurons in animal models ofParkinsonrsquos disease
 ndash ndash ndash Cooper et al 2006
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
 Perc
 enta
 ge
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 α-synuclein C elegans Systematic RNAi-screen ofapproximately 900 genetictargets
 Enhanced α-synuclein misfoldingduring aging upon RNAi age-and dose-dependentα-synuclein-induceddegeneration in dopaminergicneurons
 dnj-19 DNAJA2 HSP40 Hamamichi et al2008tor-2 TOR1A HSP100+
 α-synuclein C elegans Systematic RNAi-screen of 1673genes related to nervous systemor synaptic function for modifiersof α-synuclein toxicity intransgenic worm with pan-neuronal overexpression of α-synuclein crossed with RNAi-enhanced eri-1 mutant strain
 Neuronal toxicity and dysfunctionupon RNAi assessed as growth(arrest) and motor (dysfunction)abnormalities touch sensitivityand neuromusculartransmission assessment ofphosphorylated α-synucleinlevels
 ndash ndash ndash Kuwahara et al2008
 α-synuclein C elegans Genome-wide RNAi screen forsuppressors of age-dependentα-synuclein inclusion bodyformation
 Monitoring of α-synuclein inclusionbody formation during aging
 R1517 TRAP1 HSP90+ Van Ham et al2008
 α-synuclein S cerevisiae Genetic screen of a 2micro high-copyyeast genomic library forsuppressors of super sensitivityof WT α-synuclein expressingyeast to killing by hydrogenperoxide
 Reduction of α-synuclein-inducedreactive oxygen speciesaccumulation (ROSfluorescence assay) andtoxicity
 HSP82 HSP90AA1 HSP90AB1 HSP90+ Liang et al 2008
 α-synuclein D melanogaster Genome-wide screen usingdeletion fly lines crossed to fliesexpressing the UAS[A53T]α-synuclein transgene inaminergic neurons
 Age-dependent loss of fly headdopamine (DA) measured byHPLC and DA neuron numberover time loss of climbing abilityand sensitivity to oxidativestress and rescue uponoverexpression
 Df(2R)nap9(deficiency ordeleted)
 TRAP1 HSP90+ Butler et al 2012
 α-synuclein S cerevisiae Overexpression screen forsuppressors or enhancers ofα-synuclein toxicity
 Suppression or enhancement ofα-synuclein toxicity
 ndash ndash ndash Yeger-Lotem et al2009
 Tauopathies (eg Alzheimerrsquos disease)Tau D melanogaster Enhancer-promoter (EP) screen in
 (UAS)-Tau_V337M transgenicflies
 Tau-induced rough eye phenotypein flies
 ndash ndash ndash Shulman andFeany 2003
 Tau C elegans Genome-wide RNAi screen formodifiers of age-dependent tau-induced Unc phenotype testingRNAi against 16757 genes
 Enhancement of tau transgene-induced age-dependent Uncphenotype (uncoordinatedlocomotory movement)
 hsp-1 HSPA8 HSP70+ Kraemer et al 2006hsp-2 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 chn-1 STUB1 TPRfkb-6 FKBP4 HSP90
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
 831
 SPECIALARTICLE
 Disea
 seModels
 ampMech
 anisms(2016)
 9823-838doi101242dm
 m024703
 Disease Models amp Mechanisms
  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
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 ge
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 FUS proteinopathies (eg ALS)FUS S cerevisiae Genome-wide screen using a
 yeast over-expression librarycovering 5535 genes forsuppressors of FUS-dependentcytotoxicity
 Nuclear to cytoplasmictranslocation inclusionformation and FUS-dependentcytotoxicity in yeast
 ndash ndash ndash Ju et al 2011
 FUS S cerevisiae Genome-wide overexpression anddeletion screens using yeastexpressing a galactose-inducible construct of humanFUS fused to YFP
 Enhancement or suppression ofFUS cytoplasmic aggregationand toxicity
 SSE1 (sup) HSPA4 HSPA4L HSPH1 HSP70+ Sun et al 2011
 TDP-43 proteinopathies (eg ALS)TDP-43 D melanogaster Genetic screen of deficiency lines
 for dominant modifiers of mutantdVCP in a IBMPFD fly model
 Mutant VCP-related in vivo toxicityand eye degenerationphenotype in flies
 Ter94 VCP ER+ Ritson et al 2010
 TDP-43 S cerevisiae Genome-wide over-expressionscreen (FLEXgene library) formodifiers of toxicity using yeastexpressing a galactose-inducible human TDP-43
 Suppression or enhancement ofTDP-43 toxicity
 HSP104 (sup) CLPB HSP100+ Kim et al 2014
 MultipleTDP-43rarrTDP-43proteinopathiesAtaxin-2 polyQ (ATXN2)rarrSpinocerebellar ataxias
 S cerevisiaeD melanogaster
 Genetic screen of 5500 genes(FLEXGene overexpressionlibrary) transformed in a yeaststrain expressing TDP-43 formodifiers of TDP-43 toxicitytransgenic flies expressing wild-type TDP-43 or the ALS mutantQ331K to study the ATXN2-TDP-43 genetic interactionTDP-43ndashATXN2 interactionstudy in yeast using YFP-taggedTDP-43 and CFP-tagged Pbp1(ATXN2)
 Modification of TDP-43 toxicity inyeast upon overexpression ofcandidate modifiers includingPBP1 (human ATXN2 ortholog)progressive age-dependent flyeye degeneration uponexpression of TDP-43 and dose-dependent modification ofATXN2 toxicity yeastfluorescence microscopy co-localization analysis of YFP-tagged TDP-43 and CFP-tagged Pbp1 (ATXN2)
 ndash ndash ndash Elden et al 2010
 SOD1 (G93A)rarrALS polyQ (Q35)rarrPolyglutamine diseases
 C elegans Genome-wide RNAi screen thatsuppressed aggregation andproteotoxicity of multipleunrelated conformationallychallenged cytoplasmic proteins
 Suppression of polyQ (Q35-YFPQ37-YFP) and SOD1 (SOD1-G93A-YFP) aggregation inworm associated withrestoration of animalmotility restoration offolding and function oftemperature-sensitive mutantproteins (eg UNC-15 UNC-54)
 cyn-11 PPIH HSP90 Silva et al 2011cyn-12 PPIL1 HSP90C30C114 HSPA4 HSPA4L HSPH1 HSP70+dnj-5 DNAJC14 HSP40dnj-22 DNAJC17 HSP40F08H93 CRYAB CRYAA HSPB1
 HSPB2 HSPB3 HSPB6HSPB8
 sHSP
 phb-2 PHB2 MITO
 Continued
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  Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
 Perc
 enta
 ge
 0
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
 HSP40sHSP70s
 Proteinsynthesis
 Foldingintermediate
 Misfoldedconformation
 Nativeconformation
 Toxic aggregate
 Sequesterednon-toxic aggregate
 Degradation
 Ubiquitin-proteasomepathway (UPS)
 Autophagy-lysosomepathway
 HSP40sHSP70s HSP40s
 HSP70s
 sHSPs
 sHSPs
 HSP40sHSP70s
 HSP40sHSP70s HSP40s
 HSP70s
 sHSPs sHSPs
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 HSP40sHSP70s
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 B CD
 EE E
 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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Table 1 Continued
 Protein-misfoldingdisease or disease-associated protein Model organism Approach Readout
 Chaperone or co-chaperone
 Human(orthologs) Family Reference
 polyQ [Q35 HTT(Q74)-GFP]rarrPolyglutamine diseases
 C elegans Screen of sim900000 smallmolecule compounds in HeLacells stably transfected with aHsp701 promoter HSEupstream of luciferase to identifyHSF-1 dependent chaperoneexpression
 Changes in aggregation andmotility in a worm polyQ35model
 hsp-4 HSPA5 HSP70+ Calamini et al 2011daf-21 HSP90AA1 HSP90AB1 HSP90+ZC39510 PTGES3 HSP90C12C81 HSPA1A HSPA1B HSPA1L
 HSPA2 HSPA6 HSPA8HSPA14
 HSP70+
 C30C114 HSPA4 HSPA4L HSPH1 HSP70+hsp-161hsp-1649 HSPB1 HSPB2 HSPB3 HSPB6
 HSPB8 CRYAA CRYABsHSP
 Aβ (Aβ42)rarrAmyloidosispolyQ (Q35)rarrPolyglutamine diseases
 C elegans Chaperome-scale RNAi geneticscreen for modifiers of Aβ andpolyQ toxicity in worm
 Motility phenotypes in wormsexpressing Aβ or polyQand in wild-type worms
 hsp-1 HSPA8 HSP70+ Brehme et al 2014daf-21 HSP90AA1 HSP90AB1 HSP90+cct-1 through 8 TCP1 CCT2 CCT3 CCT4
 CCT5 CCT6 CCT7 CCT8HSP60+
 dnj-8 DNAJC16 HSP40dnj-12 DNAJA4 HSP40emb-27 CDC16 TPRmat-1 CDC27 TPRmat-3 CDC23 TPRsti-1 STIP1 TPRtpr-1 TTC7B TPRcdc-37 CDC37 HSP90tpr-2 EMC2 TPRtpr-3 CTR9 TPRtpr-4 SRP72 TPRcyn-11 PPIH HSP90sig-7 PPIL4 HSP90
 The table lists 35 studies published between 2000 and 2015 and covering 16 years of publication using model systems of protein-misfolding diseases including yeast worm and fly Entries are grouped by disease typeThe specific disease protein used in each study is indicated Chaperones and co-chaperones identified as modifiers of proteostasis are shown alongside their human orthologs including annotation of functional familytype (chaperone or co-chaperone) as well as ATP-dependence an asterisk () indicates that the family member is a chaperone and a cross (+) marks ATP-dependence Transcriptional regulators such as HSF1 as well asmolecular and genetic interaction studies reporting physical protein-protein interaction and protein-DNA interactions or genetic interactions of chaperones or co-chaperones were not included in the table en enhancersup suppressor
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  found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
 HSP90 HSP40 HSP70 TPR HSP60 sHSP MITO HSP100 ER
 Chaperome Family
 Perc
 enta
 ge
 0
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 25
 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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 Fig 3 HSP70 reaction cycle (1) HSP40 bindsto a client polypeptide and interacts with HSP70(2) The ATP-bound form of HSP70 interacts withthe unfolded polypeptide via its substrate-binding domain (SBD) and upon the hydrolysisof ATP to ADP stimulated by HSP40 a morestable interaction between the ADP-bound formof HSP70 and the polypeptide is formed(3) A nucleotide exchange factor (NEF) interactswith the HSP70polypeptide complex and(4) allows the exchange of ADP for ATP(5) Following the exchange of ADP for ATP boththe polypeptide and NEF are released fromHSP70 If the polypeptide is not properly foldedit can enter another round of the HSP70 reactioncycle
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
 HSP40sHSP70s
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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found We propose that a high frequency of identification reflects aconsistent vital role for specific chaperome families and membersin proteostasis maintenance overcoming the diversity of theexperimental approaches and model systems Of the 35 studieslisted in Table 1 27 studies identified 258 chaperone and co-chaperone occurrences in total corresponding to 95 uniquechaperones or co-chaperones (Figs 1 and 2) Below we highlighttrends revealed by our literature survey of protein-misfoldingdisease models which implicate the HSP70-HSP40 machine andsHSPs as key chaperone modifiers of proteotoxicity
 Model systems highlight a role for HSP70 in protein-misfolding diseasesNotably HSP70s were identified most consistently across studiesemploying unbiased approaches (Table 1) Out of the 19individual chaperome family members that were identified fiveor more times 53 were HSP70s (Figs 1 and 2) HSP70s functionin a variety of basic cellular quality control and maintenanceprocesses such as proper folding of newly synthesized proteinsalong with preventing protein misfolding and aggregation throughthe binding of exposed hydrophobic residues Iterating throughcycles of client engagement and release coupled to ATP-bindingand hydrolysis HSP70s act to prevent aberrant protein-protein
 interactions A simple model of the HSP70 reaction cycle assertsthat the ATP-bound form of an HSP70 protein interacts with anunfolded protein (Fig 3) Upon hydrolysis of ATP to ADP a morestable interaction between the ADP-bound form of HSP70 and itssubstrate protein is formed Following the exchange of ADP forATP the substrate protein is released from HSP70 (Mayer andBukau 2005 Mayer 2013) Through this activity HSP70s play acentral role in all aspects of protein biogenesis and proteomemaintenance with effects ranging from stabilizing the native foldof an individual protein to contributing to proper proteininteractome wiring at the systems level (Fig 4)
 There are at least 17 human HSP70 family members includingboth constitutively expressed isoforms (HSC70) and stress-inducible HSP70s of which 13 appear amongst all chaperonesidentified by our survey The chaperone most frequently identifiedin our literature survey is the constitutively expressed cytoplasmicHSC70 chaperone whose human ortholog is HSPA8 (Table 1Fig 1) 48 of the studies that found chaperonesco-chaperones (27studies) or 37 of all studies considered (35 studies) identified thisfamily member The HSP70 family members observed at least fivetimes or more are HSPA8 (13times) HSPA4 (6times) HSPA4L (6times)HSPH1 (6times) HSPA14 (5times) HSPA1A (5times) HSPA1B (5times)HSPA1L (5times) HSPA2 (5times) and HSPA6 (5times) (Fig 1) where
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 Fig 1 Chaperones and co-chaperones identified in model-based studies of protein-misfolding diseases Frequency is indicated based on 258 overalloccurrences of 95 unique chaperones and co-chaperones corresponding to 35 studies examined (see Table 1) of which 27 studies identified chaperones andco-chaperones Chaperones or co-chaperones identified five or more times are highlighted in bold Functional chaperome family membership is annotated bycolor (see key) HSP40 HSP60 HSP70 HSP90 and HSP100 are heat shock protein families of molecular chaperones as defined by the molecular weight (4060 70 90 or 100 kDa respectively) of the original founding member sHSP small heat shock protein TPR tetratricopeptide repeat domain-containing co-chaperone ER endoplasmic reticulum-specific chaperones and co-chaperones MITO mitochondria-specific chaperones and co-chaperones
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  HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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HSPA1A HSPA1B and HSPA1L are all highly inducible uponstress Based on our selection of studies HSP70 family membersinfluenced proteotoxicity in flies worms and yeast expressing thedisease proteins selected except for TDP-43 and α-synucleinAlthough HSP70 was not identified as a modifier of α-synuclein inthe screen studies we selected directed overexpression of HSP70has been shown to reduce α-synuclein-related proteotoxicitysupporting a central role for HSP70 in diseases of proteinmisfolding (Auluck et al 2002) While a genome-wideoverexpression screen did not identify HSP70 as a suppressor orenhancer of TDP-43 associated toxicity in yeast (Kim et al 2014) acloser examination of a single HSP70 may be of value as HSP70physically interacts with TDP-43 aggregates (Udan-Johns et al2013) Furthermore HSP70 family members were not identified instudies that utilized deletion libraries in yeast This might be becausedeletion of one HSP70 family member could lead to upregulation of
 a different HSP70 family member compensating for the loss of thecandidate HSP70 gene Using a combinatorial approach ie bydeleting multiple family members simultaneously Meriin et al(2002) provided support for the prominent role for HSP70 inproteostasis To conclude our analysis of the data gathered from adiverse set of genetic studies covering 16 years reveals the HSP70family and particularly HSPA8 as the centerpiece for maintainingcellular health in the presence of misfolded proteins linked todisease
 Model systems uncover specific HSP40s (DNAJs) in protein-misfolding diseasesOf the overall 258 occurrences of chaperome family membersidentified in the studies reviewed in Table 1 (35 studies) HSP70smake up the largest fraction (27) amongst all chaperomefamilies Interestingly the next most frequently identified family
 family representation (amongst 95 unique chaperones)family frequency (amongst 258 overall occurrences)
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 30Fig 2 Representation of chaperome functional familiesPercentage representation of individual chaperome families asdefined in the legend of Fig 1 amongst 95 uniquely identifiedchaperones and co-chaperones and amongst 258 overalloccurrences of all chaperones and co-chaperones in all studieshighlighted in Table 1
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  is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
 This article is part of a special review series on protein-folding diseases See relatedarticles including an introductory Editorial from Guest Editor Jeff Brodsky at httpdmmbiologistsorgcollectionprotein-folding-diseases-models-mechanisms
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is the HSP40s at 23 (Fig 2) HSP40s play a fundamental roleas part of the HSP70-HSP40 system as co-chaperonesstimulating HSP70 ATP hydrolysis (Fig 3) (Kampinga andCraig 2010 Kakkar et al 2014) Based on the studies analyzedherein changes in HSP40 functionality could compromisefolding efficiency and HSP70 client specificity putting cellularproteostasis at risk (Heldens et al 2010) HSP40 familymembers do not exhibit the high level of conservation that isobserved for HSP70s However all HSP40s possess a highlyconserved 70 amino acid motif termed the J domain whichinteracts with HSP70s to stimulate ATPase activity (Kampingaand Craig 2010) The remainder of the HSP40 protein sequenceis of a more diverse nature possibly contributing to and enablingheterogeneity and specialization of HSP40 function in specificaspects of the central role of HSP70s in protein biogenesis andproteome maintenance (Fig 4) There are at least 48 humanHSP40 family members with the two most frequently implicatedHSP40s being DNAJB4 (8times) and DNAJB6 (5times) (Fig 1) Thevast majority of the studies that identified DNAJB4 andDNAJB6 involved model systems expressing disease proteinscontaining polyQ expansions Of the 11 studies using polyQexpansions 45 identified DNAJB4 and 27 identifiedDNAJB6 Consequently our survey pinpoints those twospecific HSP40s out of 48 family members as the mostrelevant for polyQ expansion diseases as judged by frequencyof observations in a diverse range of studies model systems andreadoutsInterestingly human gene expression data supports the findings
 of genetic studies in small model systems The HSP70 and HSP40
 family members exhibit significantly altered expression dynamicsduring aging in the human brain both being consistently repressedwith age (Brehme et al 2014) Among repressed genes HSP40swere found to show significant changes as a family with 62 ofoverall 48 HSP40 family members repressed in aging brain(superior frontal gyrus) 51 repressed in AD and 41 repressedin both aging and AD These changes in chaperome gene expressionin aging and age-onset neurodegenerative disease highlight thevalue of using model systems to uncover important chaperonemodifiers of proteotoxicity associated with human disease
 Model systems reveal a role for sHSPs in protein-misfoldingdiseasesDespite the apparent overall preponderance of HSP70-HSP40system components in our survey one additional family wasprominent observed in 19 of the studies Out of the 19 chaperomemembers that were identified five or more times 32 are membersof the ATP-independent sHSP family sHSPs form large dynamicoligomers that bind partially unfolded proteins functioning withoutthe use of ATP to drive substrate binding and release (Bakthisaranet al 2015) Overall sHSPs act as holdases providing a shield toprevent aberrant protein-protein interactions (Fig 4) and there are atleast 10 sHSP family members in humans Our summary (Table 1)points towards specific sHSPs that play a prominent role inmisfolding diseases as judged by frequency of observationsincluding CRYAB HSPB1 HSPB3 and HSPB8 (each 7times) HSPB6(6times) and CRYAA (5times) (Fig 1)
 Although the preponderance of members of the HSP70-HSP40system is not surprising the frequency at which sHSPs were
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 Fig 4 Key chaperome modifieractivities in misfolding-diseaseprogression HSP70s and their HSP40co-chaperones function in a variety ofbasic cellular quality control processesDistinct combinations of HSP70s andHSP40s facilitate folding (A) refolding ofmisfolded proteins (B) preventingaggregation (C) or promotingdisaggregation (D) and degradation ofmisfolded proteins (E) Recenttherapeutic strategies have focused onpartitioning HSP70 activity towardsprevention of aggregation (C)disaggregation (D) and degradation (E)to maintain the integrity of the proteomesHSPs also manage misfolded proteins(B-E) and also act as cellular shieldsinteracting with misfolded or aggregatedproteins to prevent aberrant interactionwith cellular proteins (F) In this capacitysHSPs can interact with disease proteinaggregates sequestering these toxicaggregates and protecting cells
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  identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
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identified supports a role of sHSPs in disease progression that hasnot been often explored The importance of sHSPs in disease wasoriginally noted from the observations that HSPB1 and CRYABwere overexpressed in AD brains (Shinohara et al 1993 Renkaweket al 1994ab) and HSPB1 CRYAB HSPB6 and HSPB8 wereassociated with AD plaques (Shao et al 2012) Furthermore sHSPswere found to be consistently upregulated in the aging human brainand in the context of neurodegenerative diseases (Brehme et al2014) Activation of sHSPs could be indicative of a more generalstress response mechanism to provide neuroprotection in aging Arecent proteome-wide study in C elegans with extended lifespanfound that sHSPs associate with misfolded protein aggregates(Walther et al 2015) sHSPs might shield or sequester misfoldedproteins delaying proteostasis decline during aging In support ofthis our survey highlights specific sHSP family members asrelevant for misfolding diseases as judged by frequency ofobservations in a diverse range of studies (Fig 1)
 Underrepresented or missing chaperones and co-chaperonesOur collective analysis of unbiased approaches in model systemsof protein-misfolding disease points towards prominentindividuals and families within the chaperome that are crucialfor proteostasis Based on the frequency of identification in arepresentative set of studies we suggest that the overrepresentedchaperome families and members play a key role in protein-misfolding diseases In addition this survey also uncoveredchaperome families that were not identified as often as anticipated(Table 1) Surprisingly HSP90 (HSP90AA1 and HSP90AB1) andHSP60 (CCTTRiC) were collectively found by relatively fewstudies ie four or fewer studies each (Fig 1) Furthermore it isstriking that out of the wide variety of TPR-domain proteins thatfunction as co-chaperones to HSP70 and HSP90 family members(Prodromou et al 1999 Song and Masison 2005) only a fewwere identified most of which were identified in a few studies oronly once (Fig 1) Although these chaperome families did notemerge from our survey of genetic approaches in model systemsstudies not discussed in this review have demonstrated theimportance of the functionality of HSP90s HSP60s and TPR-domain proteins in diseases of protein misfolding (Behrends et al2006 Kitamura et al 2006 Tam et al 2006 Taipale et al 2010Al-Ramahi et al 2006 Wolfe et al 2013)There are many reasons as to why specific candidates or
 families might appear at a lower frequency or not at all Certainchaperones or co-chaperones might have specialized rather thangeneral roles in proteostasis recognizing certain low-abundancesubstrates or cell type-specific substrates Although misfolding ofthese low-level candidates could generate imbalances inproteostasis the effect sizes might be small reducing thefrequency of observation Furthermore the selected studiesexamined protein misfolding within the cytosol howeverunderrepresented chaperones and co-chaperones could functionwithin specific subcellular compartments In a handful of caseswe did identify ER- and mitochondria-specific chaperones and co-chaperones (Figs 1 and 2) but at a lower frequency In addition tospecialized functionality chaperones and co-chaperones do notwork in isolation but rather within a network of chaperonemachines that is itself embedded inside the PN Thereforecompensatory networks could functionally overcome the deficit ofan individual chaperone masking its effect on proteostasisFinally studies where the level of knockdown or overexpressionof the clone was insufficient to generate detectable changes in
 toxicity or aggregation can limit our ability to accurately assess thefunction of lsquomissingrsquo candidates Despite these challenges wepropose that the combined strength of multiple unbiased studiesusing model systems of protein misfolding can inform strategiesfor forward progress as outlined below
 Model systems as a guide for therapeutic chaperone-targeting strategiesModel systems have led the way in demonstrating the importanceof chaperone function in diseases of protein misfolding (Brodsky2014) Deficiencies in the ability of chaperones to maintainproteostasis lead to perturbations in the folding trafficking andclearance of specific disease proteins (Broadley and Hartl 2009Valastyan and Lindquist 2014) Therapeutic approaches toovercome proteostasis deficiencies have largely focused on theactivation of HSF1 the heat shock transcription factor responsiblefor simultaneous upregulation of the expression of multiplemolecular chaperones during stress (Calamini et al 2011 Pierceet al 2013) Given the level of connectivity and combinatorialcomplexity underlying systems-level modulation of thechaperome therapies that target the chaperome globally inprotein folding and proteostasis disorders could generateundesirable side effects by changing the overall cellular foldinglandscape Findings provided by genetic studies summarized inthis review can channel our efforts in developing targetedtherapeutics to minimize off-target effects while preventingdelaying and remedying disease pathology Based on thecompilation of genes presented in Table 1 potential therapeuticstrategies include increasing the levels and functionality of boththe HSP70-HSP40 system and sHSP family members
 Based on the prevalence of HSP70 family members identifiedin our survey a promising strategy could center on thedevelopment of novel (isoform-specific) targeted modulators ofHSP70 activity Multiple studies in model systems demonstratethat overexpression of HSP70 can reduce toxicity and proteinaggregation HSP70 family members are abundant highlyconserved and play a central role in proteostasis maintenance(Fig 4) (Mayer and Bukau 2005) Therefore a disease-relatedprotein is likely to encounter HSP70 family members at multiplepoints throughout its lifetime implying that HSP70 could be asuitable target for therapeutic intervention in a broad spectrum ofprotein-misfolding diseases However the biogenesis of cellularproteins might be affected by general modulation of HSP70 levelspossibly leading to undesired cytotoxic effects Given its centralrole within the PN modulators of this family must be designed toadequately and specifically target relevant HSP70 members tominimize overall perturbations of the cellular proteome (Fig 3)Compounds such as the allosteric inhibitor of ATP-binding for theinducible HSP70 isoform HSPA1AHSPA1B called HS-72 willlikely lead to beneficial consequences (Howe et al 2014)Alternatively chaperones can be modified for enhanced activityagainst disease substrates while preserving their functionalspecificity towards canonical substrates (Aprile et al 2015)Therapeutically this is likely to be more challenging A systems-level understanding of the wiring of the chaperome and itsinterface with the PN will enable us to move from a global assaultto targeted intervention on specific proteostasis regulators fine-tuning specific functional arms within the PN
 Shifting efforts from targeting global changes in HSP70 level andactivity towards designing HSP70 modulators with specific effectsare underway (Wisen et al 2010 Cesa et al 2013 Brandvold andMorimoto 2015) As described above the HSP70 chaperone
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  machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
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machine is modulated by co-chaperones such as HSP40s withdistinct combinations of HSP70s and HSP40s facilitating foldingtransport refolding preventing aggregation or promotingdisaggregation and degradation (Fig 3) Recent therapeuticstrategies have focused on partitioning HSP70 activity towardsprevention of aggregation disaggregation and degradation Toredirect HSP70 activity altering interactions of HSP70s withspecific co-chaperones might selectively enhance or inhibitfunction Small molecules are being designed that could eitherdisrupt or promote interactions of HSP70s with HSP40s (Wisenet al 2010 Cassel et al 2012 Cesa et al 2013) With the largenumber of HSP70 and HSP40 family members one challenge thatresearchers face is that finding the relevant client-specificfunctional combination of HSP40 and HSP70 could increasecomplexity However efforts on specific combinations can beguided by information revealed by surveying the wealth ofinformation from interactome-mapping or genetic studies usingmodel systems (Taipale et al 2014) (Table 1) The HSP40 proteinsDNAJB4 and DNAJB6 play a prominent role in modulatingproteostasis in the presence of polyQ disease proteins Identifyingmodulators of these particular combinations could regulate HSP70activity in a direction that most effectively ameliorates diseasepathologyIn addition to the HSP70-HSP40 system sHSPs were identified
 frequently in multiple models expressing diverse disease proteinsAs sHSPs have been shown to interact and sequester aggregation-prone proteins increasing the levels of sHSPs could provideprotection as cells accumulate misfolded proteins during aging(Fig 4) Small molecules that activate the heat-shock response willlead to an increase in sHSP levels Given that sHSPs are highlyconserved and have pleotropic functions a general increase in theiractivity will likely have side effects Therefore developingtherapeutics that can specifically activate subsets of sHSPs couldprime a cell for protection from particular misfolded diseaseproteins Using the collective data generated from model systemstargeting an increase in CRYAB HSPB1 HSPB3 HSPB6 andHSPB8 could be a reasonable strategy to follow (Fig 1)Alternatively rational design of biological drugs that mimic sHSPor specific chaperone domain interfaces with disease targets such assHSP-derived peptides with chaperone-like activities (mini-chaperones) or Brichos domains that can inhibit formation ofneurotoxic oligomers of Aβ42 could represent a powerfultherapeutic strategy for protein-misfolding diseases (Raju et al2012 Cohen et al 2015)
 Conclusions and future outlookIdentifying key chaperones that are compromised in disease iscentral to designing novel therapeutic approaches for proteostasisregulation in protein-misfolding diseases Our survey of researcharticles using a variety of approaches in model systems suggests thata specific subset of molecular chaperones the HSP70-HSP40system and small HSPs in particular play a fundamental role acrossprotein-misfolding diseases We also highlight novel lesser-studiedchaperones including TPR co-chaperones not previouslyimplicated in proteostasis control aging or disease Theinformation compiled from this survey could guide efforts in thedevelopment of small molecules to treat protein-misfoldingdiseases Due to the central role of molecular chaperones inproteostasis toxic side effects remain a major concern whenmodulating the activity of a conserved ubiquitous target Carefuladjustment of chaperone activity should allow targeted alleviationof folding deficiencies while limiting side effects on other client
 proteins with no disease context Small-molecule screens usingmodel systems expressing disease proteins have been performed toidentify suppressors of aggregation and restoration of cellularfunction (Calamini et al 2011) We propose that model systemsexpressing disease proteins can be used to not only evaluate theeffectiveness of small molecules on protein aggregation and cellulartoxicity but also to test the effects of small molecule treatmentsModel systems treated with small molecules can be scored for avariety of phenotypic readouts that reflect overall health such asfecundity healthspan and lifespan followed by the synthesis andtesting of chemical analogs that increase potency and specificityand reduce toxicity
 An increasing understanding of the chemical biology ofmolecular chaperones systems-level functional maps ofchaperome connectivity chaperome dynamics and their role inproteostasis maintenance provides a vast target space fortherapeutic modulation in disease intervention (Brandvold andMorimoto 2015) The chaperome lies at the center of the PN Asour survey of genetic studies using model organisms expressingmisfolded proteins identified key chaperones that modulateproteotoxicity (Table 1) a similar approach can be extended tothe entire PN Analysis of frequency of observations of PNcomponents can point towards therapeutic targets for designingnovel drugs that regulate the PN Subsequently model systemsprovide a tool to optimize effectiveness and reduce toxicity ofthese new small molecules Based on the importance ofproteostasis in health and disease we suggest that chaperome-and PN-targeted therapeutic interventions could be beneficial fora large number of protein-misfolding diseases including age-related neurodegenerative disorders We anticipate that modelsystems will continue to provide powerful tools to guidetherapeutic discovery while helping to reduce toxic sideeffects through fine-tuned proteostasis regulation
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