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In the crowded environment of the cell, polypeptides continuously face the risk of 
attaining conformations that prevent them from functioning properly.1,2 Misfolded 
proteins tend to aggregate, which may result in their loss of function (LOF) or in 
their toxic gain of function (TGF).3 It becomes increasingly evident that protein 
aggregates may result from mutations in multiple genes and are a hallmark for 
nearly all known neurodegenerative and muscular diseases.4 

To ensure adequate protein homeostasis, cells are equipped with an 
elaborate protein quality control (PQC) network. The core of the PQC is 
comprised of chaperones that assist proteins in intermediate folded states to 
cross (intra-molecular) energy hubs and prevent off-pathway intermolecular 
interactions (aggregate prevention).5 If protein folding fails, chaperones may 
sequester misfolded proteins or target them to the cells degradation systems.3 

This thesis will address different aspects of protein folding, degradation, 
and human diseases associated with impaired protein homeostasis.6,7 After 
providing a short overview of protein folding and protein quality control, this 
Chapter will concentrate on the Hsp70-machine, which serves as a central hub in 
the PQC network, and the regulation of Hsp70-client delivery and release by co-
factors. Furthermore, this Chapter will give a short introduction into protein 
misfolding, neurodegenerative (proteinopathies), and muscular diseases (e.g. 
chaperonopathies).   
 
1.1 Proteins; Folding is Key  
The cells crowded environment evokes continuous protein interactions. Aberrant 
protein interactions may endanger the folding state of proteins and impair their 
designated function. As part of PQC, molecular chaperones guide the 
conformation of proteins throughout their lifetime; in this function they 
may:1,2,5,8,9 

- Assist in folding of nascent proteins into functional 3-dimensional 
structures 

- Assist in assembly and disassembly of mature proteins into functional 
protein complexes 

- Associate with interactive surfaces in proteins to prevent protein 
aggregation 

- Assist in targeting of misfolded proteins for degradation if folding is 
impossible  
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 Typical conditions under which polypeptides are especially prone to aberrant 
protein interactions include: 

1. Newly formed nascent chains emerging from ribosomes1,8 
Due to their unfolded state, the hydrophobic interactive surfaces of nascent 
amino acid chains are exposed to the intracellular environment. To facilitate 
folding and to prevent unwanted protein-protein interactions, dedicated 
chaperones bind to nascent chains and target them for degradation if folding 
is unsuccessful (e.g. mutant proteins).  

2. Folded protein species that become unfolded upon stress (e.g. heat)2,3,9,10 
Many stresses may lead to the unfolding or fragmentation of mature proteins, 
thereby rendering them aggregation-prone. On a molecular level, stress (like 
heat shock) may lead to the exposure of hydrophobic surfaces and prion-like 
domains. Whereas the exposure of hydrophobic surfaces can be managed by 
canonical chaperones, prion-like domains could form β-hairpin structures based 
on H-bonding, which may eventually result in amyloid-like aggregates and 
impose different needs on the chaperone network, as will be discussed later in 
this Chapter. 

3. Mature, folded protein species that need to be remodeled to fulfill their 
function5 
In order to form or disperse functional protei n complexes, mature, folded 
proteins need to be partially unfolded and remodeled. Chaperones, such as 
certain Hsp70s and DNAJs, assist proteins in this function by providing “pulling 
forces”. 

4. Mature, folded protein species that need to be transported across membranes 
to fulfill their function11–17 
The translocation of proteins across membranes (e.g. endoplasmic reticulum 
[ER], mitochondria, peroxisomes) requires sophisticated protein translocation 
machines, consisting of a core channel and accessory subunits. The 
translocation process often requires proteins to be in a soluble state, which 
may be facilitated by chaperones. Furthermore, chaperones may actively drive 
protein translocation by serving as motors fuelled by ATP hydrolysis.  
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The vast network of molecular chaperones engages a variety of clients 
associated with a variety of client fates. Next to functioning in client folding 
and degradation, HSPs may also be active following protein aggregation. 
Several chaperones have been shown to engage in aggregate sequestration, 
protein disaggregation (e.g. HSPH), and aggregate disposal (e.g. DNAJB2, 
DNAJB6, HSPB7).6,10,18–20 

  
1.2 Protein Quality Control;  
a Tightly Regulated Network of Proteins  
To ensure adequate protein folding, sequestration, and degradation, the cell has 
developed an elaborate PQC network with tightly regulated components. Heat 
shock (HS) experiments lead to the initial discovery of Heat shock proteins 
(HSPs), which are up-regulated by a phenomenon termed “heat shock response 
(HSR)”.21,22 The HSR is regulated by the transcription factor Heat shock factor 1 
(HSF-1), which is known to be up-regulated by many stresses, including 
pathophysiological states and normal cellular processes.23,24 All known stress 
conditions that are associated with the accumulation of un- or misfolded protein 
species or increased protein translation induce the HSR, which led to the believe 
that the HSF-1-mediated increase in HSPs is a molecular reaction to an increased 
cellular need for chaperone activity.25 
 
1.3 Nomenclature for HSPs 
Since the annotation of the human genome, the naming of HSPs in the literature 
was erratic; whereas some gene products were given up to 10 different names, 
almost identical names were given to various different gene products. Therefore, 
this thesis will refer to the members of the HSP-families based on their 
systematic gene symbols assigned by the HUGO Gene Nomenclature Committee 
(HGNC) and primary identifiers in databases, such as Entrez Gene and 
Ensemble.26 The individual members of HSP-families will be referred to as: HSPA1-
9 (Hsp70s), HSPB1-10 (small HSPs), HSPC1-4 (Hsp90s), HSPD1 and 2 
(Hsp60/GroEL), HSPE1 (Hsp10, GroES), HSPH1-4 (Hsp110s), CCT1-9 
(chaperonins), DNAJA1-4, DNAJB1-12, and DNAJC1-30 (Hsp40s) (see Table 
1).26 
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 1.4 The Hsp70-Machines;  
Central Hubs for Protein Quality Control 
Hsp70s are central to protein folding and degradation. The interactions between 
Hsp70s and their clients depend on the cycling of Hsp70s between low affinity 
ATP- and high affinity ADP-bound states (see Figure 1).5 Hsp70s themselves 
have a very promiscuous binding capacity that enables them to function as 
central hubs in the PQC network. In this function, Hsp70s can function protein 
folding, degradation, translocation, and remodeling. Several factors affect the 
ATP/ADP-cycle and are thought to play a role in the crucial functional 
specification –or “fine-tuning”- of the Hsp70 machines. In vitro experiments 
indicate that a “minimal” HSP70 machine consists of at least one DNAJ, one 
nucleotide exchange factor (NEF), and one HSPA. The family of DNAJs (over 50 
members in humans) is thought to provide client specificity to the Hsp70 
machine. DNAJs have various client-interaction motifs that facilitate binding to 
(specific) clients and a J-domain through which they can bind ATP-bound Hsp70. 
Combined, these domains may allow DNAJs to target specific clients onto 
Hsp70s.5 Simultaneous binding of DNAJ and the client to HSPA is thought to 
stimulate ATP-hydrolysis, which facilitates client-transfer from DNAJ to HSPA. 
Subsequently, DNAJ releases and HSPA undergoes a conformational change, 
resulting in a higher client affinity state that is thought to protect the client from 
protein interactions.5 Client-release requires HSPA to regain its’ low-affinity state, 
which is stimulated by the recruitment of NEFs. Following release, the client may 
be folded completely and fulfill its cellular function or need further folding, in 
which case it may re-enter the Hsp70 cycle (see Figure 1). Alternatively, clients 
may also be transferred to degradation systems, depending on the state of 
folding and the particular ensemble of DNAJs and NEFs that were engaged in the 
reaction cycle. 
 
1.4.1 DNAJs and HSPBs: Client Specificity and Delivery to 
Hsp70 
DNAJs recognize and transfer clients to Hsp70s.5 The family of DNAJs is defined 
by the presence of a J-domain, which consists of four alpha helices and an 
accessible loop containing a Histidine Proline Aspartate (HPD) motif that is crucial 
for binding to the HSPA-ATPase domain.27 The DNAJ-family of proteins is divided 
into three classes based on their domain structure: DNAJAs, DNAJBs, and 
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DNAJCs.5 Whereas several J-proteins are believed to have promiscuous client 
binding capacities, others display high substrate specificity (e.g. many of the 
DNAJCs).5,28 
In addition to DNAJs, several members of the HSPB-family are thought to capture 
and transfer misfolded clients to HSPAs for processing.29,30 Except for a C-
terminal alpha-crystallin domain, HSPBs share little sequence homology.31,32 
Whereas several purified HSPBs display ATP-independent substrate holding 
activity in vitro, ATP-dependent chaperones, like Hsp70s, are thought to be 
required for substrate release.32,33 Furthermore, some HSPBs can interact, 
directly or indirectly, with the proteasome (HSPB1, HSPB5, HSPB10) or the 
autophagy-lysosome system (HSPB8).32,34–36 

 
Figure 1: The Hsp70-cycle. Mis- or un-folded proteins are recognized by DNAJs or 
HSPBs (not displayed in this figure) and transferred to ATP-bound Hsp70. Hsp70 
facilitates client (re-)folding. Following the conversion of ATP to ADP and the dissociation 
of DNAJ from Hsp70, NEFs bind ADP-bound Hsp70. NEFs, such as BAGs, facilitate release 
of the client. Whereas properly folded clients will fulfil their cellular functions, un-folded, 
mis-folded, or un-foldable proteins will either enter another Hsp70-cycle or be directed to 
cellular degradation machines or to protein storage. 
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 1.4.2 Nucleotide Exchange Factors; Client Release and Client 
Fate 
Human cells contain three very different types of NEFs: “Pure” NEFs (HSPBP1, 
BAP), HSPA-like NEFs (Hsp110/HSPH), and the BAG-family of NEFs. The only 
homology between these protein-families is their NEF-function, although the 
mechanism by which they destabilize HSPA-nucleotide binding differs 
drastically.37–39  

1. The only known function of pure NEFs is the exchange of nucleotides on 
HSPAs. The cytosolic HSPBP1 and the ER-resident BAP (BiP-associated 
protein) exclusively consist of domains involved in Hsp70-nucleotide release 
and are thought to support Hsp70-mediated protein folding and 
translocation.40,41 

2. The family of HSPHs (Hsp110s) consists of 4 members, one of which is 
stress-inducible (HSPH1). HSPHs contain an N-terminal ATPase and a C-
terminal peptide-binding domain, which are connected by a flexible linker. The 
strong homologies between HSPHs and HSPAs in sequence (30-35%), as well 
as in function (binding of misfolded clients), led to their initial co-
categorization.42 Next to their function as NEFs, HSPHs act as ‘holdases’ that 
always require the ‘foldase’ HSPA, which may independently employ 
nucleotide-dependent peptide-release cycles, to achieve client folding.37 

3. Bcl2-associated anthogenes (BAGs) form the most complex family of NEFs, 
in number as well as in diversity. All 6 members of this structurally diverse 
protein-family share a BAG-domain, which is required for binding to HSPAs,43–

47 whereas domains specific to the individual family members are thought to 
provide functional specificity.47 Until now, 5 cytoplasmic and one ER-
associated BAG have been identified, all of which have been associated with 
the refolding (BAG2) and degradation of Hsp70-clients via the ubiquitin-
proteasome system (BAG1, BAG5, BAG6) or the autophagy-lysosome 
system (BAG3), as will be discussed in section 1.6 of this Chapter.48 

 
1.4.3 Interaction of Hsp70 with Other Chaperone Machines 
Although Hsp70 is a central hub for protein folding; folding of many clients, such 
as newly synthesized or large multi-domain proteins, requires further processing 
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by other chaperone machines, including chaperonins (GroEL/ES in mitochondira 
and CCT/TRiC in the cytosol) and the Hsp90 machine.1,3  

Chaperonins, such as the cytosolic TRiC (TCP1 ring complex), are not 
induced by stress but are transcriptionally and functionally linked to protein 
synthesis.49 TRiC is a large complex composed of multiple homologous subunits 
that each contain an ATPase domain.50 Following initial stabilization of unfolded 
substrates by the protein prefoldin or the Hsp70 machine, about 5-10% of newly 
synthesized proteins are transferred to the TRiC-cage for optimal, unimpaired 
folding.1,3 
 The final maturation of another subset of Hsp70 clients (e.g. steroid 
hormone receptors, several key transcription factors) demands additional folding 
by the Hsp90-machine. Similar to the Hsp70, Hsp90 engages in nucleotide-
dependent peptide binding and release cycles, meaning that classic Hsp90 clients 
(e.g. steroid receptor) continuously cycle into and out of hetero-complex with 
Hsp90.51 

Several co-factors facilitate interaction between the Hsp70- and Hsp90-
machines, amongst which HOP (Hsp70-Hsp90 organizing protein), HIP (Hsc70-
interacting protein), and CHIP (C-terminus of Hsc70 stress protein-interacting 
protein).49 HOP can simultaneously bind Hsp70s and Hsp90s and thereby 
facilitate binding of specific ligands, whereas HIP may stabilize Hsp70 in its ADP-
bound state by competing with BAGs and thereby slow down the nucleotide cycle 
and facilitate the formation of Hsp70-Hsp90-complexes.52,53 CHIP may function 
following destabilization of Hsp90-client interaction and redirect Hsp90-clients to 
Hsp70s. Furthermore, CHIP may interact with E3-ligases through its U-box domain 
and re-direct proteins to the proteasome for degradation.54 Additionally, CHIP has 
been suggested to inhibit DNAJ-mediated Hsp70-functions by promoting the 
proteasomal degradation of Hsp70 clients.54 

 
1.4.4 Regulation of the Hsp70-Machine; a Delicate Balance 
The eventual fate of Hsp70-client proteins is believed to depend on the delicate 
interplay between chaperones involved in client delivery (DNAJs, HSPBs), release 
(NEFs), and other regulators (e.g. HIP, HOP, CHIP).5 Expression levels of these 
chaperones are tightly regulated and the overabundance and lack of Hsp70-co-
factors have been associated with decreased cellular chaperone capacity.5 An 
imbalance in the delicate regulation of chaperone expression levels may change 
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 client fate. For instance, a substoichiometric DNAJ:HSPA ratio (10-20x less 
DNAJ) has been associated with optimal client refolding in vitro; tilting this 
balance in favour of DNAJs decreases folding capacity. Likewise, the 
overstimulation of Hsp70-ATPase activity and the over-abundance of NEFs have 
been associated with improper client folding.5 

The mechanisms underlying the decision as to whether Hsp70-clients are 
folded or degraded still mostly remains an enigma. A stochastic model predicts 
that the fate is mainly determined by the client itself: clients are either refolded 
during multiple cycles of Hsp70 binding and release or they are recognized as 
UPS substrates and redirected for degradation upon release from Hsp70s.5 An 
alternative or even parallel operating model assumes that chaperones and 
degradation systems are intimately connected: distinct sets of co-chaperones 
may specifically recognize certain Hsp70 clients and target them either for 
folding or degradation.28,55,56 To date, more than 50 DNAJs, 10 HSPBs, 11 
HSPAs, and 13 NEFs have been identified in humans, enabling many possible 
Hsp70-combinations. Depending on the chaperone combination, the same client 
may either be rapidly refolded  (DNAJB1 + HSPA1A) or degraded (DNAJB2 + 
HSPA1A + BAG1).19,28 Recently, our group proposed a competitive operating 
model, in which co-chaperones determine whether degradation prone Hsp70 
clients are targeted to the proteasome (HspA + BAG1) or autophagy 
(HSPA+BAG3) (see section 1.6.1, see Figure 2).57 
 
1.5 Hsp70 and Protein degradation 
Misfolded proteins may be efficiently removed by the ubiquitin proteasome 
system (UPS), microautophagy, chaperone mediated autophagy (CMA), and 
macroautophagy (autophagy).58,59 Generally, as a first line of defense, soluble 
misfolded proteins are thought to be targeted to the UPS for degradation or to 
CMA, if misfolded proteins expose a KFERQ degradation signal.60–62 Misfolded 
proteins that either escape degradation by the UPS and CMA or tend to form 
aggregates can be targeted to the bulk degradation system autophagy.58,61,63 
 
1.5.1 Hsp70 and the Proteasome 
The proteasome consists of two subunits (26S, 19S) and can quickly and 
selectively degrade ubiquitinated substrates into peptides.58,64 Whereas 
ubiquitinated proteins with mild tertiary structure perturbations generally remain 
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soluble, terminally misfolded ubiquitinated proteins (e.g. prion like proteins) 
generally suffer from an extensive loss of secondary structure, which may impede 
on their solubility and increase their tendency to aggregate. Usually, a large and 
heterogeneous number of highly selective E3-ligases mediate ubiquitin-
conjugation to degradation-prone proteins, thereby facilitating their delivery to 
the proteasome.  It has since become clear that the majority E3 ligase complexes 
require the activity of Hsp70s, which may partially be due to the its holdase 
activity that may keep proteasomal substrates soluble and accessible for the 
UPS.65,66 For instance, some E3-ligases, such as CHIP, may simultaneously bind 
HSPAs and the proteasome. Accordingly, Hsp70 was shown to be an integral part 
of the CHIP-E3 ligase complex and escorts CHIP-substrates to the proteasome.67 
Interestingly, the presence of HSPAs seems to be a prerequisite for the 
degradation of terminally misfolded proteins, but redundant for the degradation 
of partially misfolded proteins.58,65 

Next to ensuring solubility of proteasomal substrates, HSPs may also 
escort partially or terminally misfolded proteins to the UPS.68 For instance, HSPA-
ubiquitylation was shown to facilitate proteasome-substrate interactions by 
enabling direct binding of HSPAs to ubiquitin binding domains (UBDs) on 19S-
proteasome receptors, thereby facilitating proteasomal docking of the Hsp70-
CHIP E3 ligase complex. In line, the HSPA co-factor DNAJB1 has been found to 
facilitate nuclear degeneration of partially folded proteins by continuously 
shuttling between the cytosol and the nucleus, whereas DNAJB2 was discovered 
to be involved in an escort pathway that facilitates proteasomal degradation of 
CHIP-substrates like CFTR, SOD1, and mutated ataxin 3.58,65 By binding to poly-
ubiquitin chains on proteasomal substrates through its ubiquitin interaction motif 
(UIM) and facilitating substrate loading onto Hsp70 through its J-domain, DNAJB2 
is thought to prevent the trimming of ubiquitin chains and aggregation of specific 
ubiquitinated substrates. Although substrates may be delivered to the 
proteasome by multiple routes, proteasomal substrate range is limited to 
individual soluble ubiquitinated proteins because proteins need to be recognized 
by the 19S regulatory subunit, de-ubiquitinated, and –at least partially- unfolded 
in order to enter the narrow active catalytic core formed by the 20S subunit.58,65 
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 1.5.2 Hsp70 and Autophagy 
A cellular degradation system with a broader substrate range is the autophagy-
lysosome system, which delivers a wide variety of (misfolded) proteins, 
aggregates, pathogens, and organelles to lysosomes for degradation.58,59 There 
are three main forms of autophagy: CMA, microautophagy, and 
macroautohpagy.58 

1. HSPA8 may recognize soluble misfolded proteins that expose the KFERQ 
degradation signal and mediate their degradation via CMA or 
microautophagy.69 In CMA, HSPA8 is bound to LAMP-2A (lysosomal 
membrane-associated protein 2A) and may help to unfold and translocate 
soluble misfolded proteins directly into the lysosomal lumen for 
degradation.62,70 

2. In microautophagy, HSPA8 helps to translocate soluble misfolded proteins 
into multivesicular bodys (MVBs) or late endosomes by a mechanism similar 
to CMA. The components of the molecular pathways that facilitate the 
degradation of vesicular content by endosomal/MVB microautophagy are 
also engaged in endocytic (ESCRT complexes) and autophagic pathways 
(ATG-core machine).69 During starvation, microautophagy recycles nutrients, 
just as macroautophagy.59,69 

3. Hsp70 clients, aggregates, or organelles that cannot be degraded by the 
UPS, microautophagy, or CMA may be selectively delivered to 
macroautophagy via ubiquitin-dependent and ubiquitin-independent 
pathways.71 Authophagic clients may be recognized by the adaptor protein 
p62 (also known as SQST1) and HDAC6.63,72–74 By specifically interacting 
with LC3II (lipidated light chain 3), cargo-loaded p62 is delivered and 
anchored into the membranes of autophagic vacuoles, which effectively 
traps LC3-bound degradation prone proteins in phagophores. Once misfolded 
proteins are loaded into phagophores, the autophagic membrane structures 
are merged, grow into autophagosomes, and fuse with lysosomes. Acidic 
lysosomal content is released inside the newly formed autophagolysosomes 
and its content degraded.63,75 While starvation results in the aspecific 
degradation of cytoplasmic content, various cellular stresses lead to the 
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selective targeting and degradation of specific cellular content (e.g. 
mitophagy, xenophagy).59,76 

Whereas CMA and microautopahgy are largely coupled to metabolic processes 
during cell growth and are regulated by mTOR (mammalian target of rapamycin), 
macroautophagy can also be induced by various additional cellular stress 
pathways.59,75 

 In this thesis, we focus on aggrephagy, which is the removal of aggregated 
protein species. In aggrephagy, HDAC6 (histone deacetylase 6) and other 
molecular chaperones bind freely floating ubiquitinated misfolded or damaged 
proteins that accumulate beyond cellular protein quality control capacity and 
deliver them via microtubules to aggresomes at a location that minimizes their 
toxicity until they can be degraded by the UPS or macroautophagy.77 In Chapter 
2, we investigated the question as to whether the Hsp70-machine locates to 
polyglutamine aggregates by analyzing the post-mortem brain tissue of patients 
with Spinocerebellar Ataxia type 3 (SCA3) by using immunohistochemical 
analyses.7  

To summarize, as opposed to the fast and specific degradation by the 
UPS, autophagy is a relatively slow process that degrades proteins and organelles 
in bulk. Unfortunately, neither system seems to be sufficient to manage the toxic 
effects of aggregation prone proteins associated with neurodegenerative 
diseases. 

 
1.6 BAGs; More than Nucleotide Exchange Factors 
The BAG family contains six members that can bind and modulate Hsp70s 
through their BAG domains.48 In their function as NEFs, BAGs may not only 
release Hsp70-clients by dissociating ADP from Hsp70, but may also determine 
the fate of Hsp70-clients by promoting either refolding (BAG2) or directing them 
to the UPS (BAG1, BAG5, BAG6) or autophagy (BAG3).48 

It has been suggested that competing NEFs with opposing functions may 
determine the fate of Hsp70-clients by promoting refolding or directing them 
towards degradation pathways by generating functionally distinct protein 
complexes.79 Initial research showed that BAG1 may compete with HIP80 and 
catalyze nucleotide exchange on HSPA1A and HSPA8,81 thereby negatively 
regulating Hsp70-activity.82 Furthermore, BAG1 was shown to contain an 
ubiquitin-like (UBL) domain that may sort and associate BAG1 to the 
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 proteasome.47 In line, BAG1 was associated with the proteasomal degradation of 
Hsp70 clients,83 which is most likely facilitated by its cooperation with CHIP.84 
Similar to BAG1, BAG6 contains an UBL-domain and was associated with the 
proteasomal degradation of Hsp70-clients.47,85 Of note, whereas BAG1 is active in 
the cytoplasm, BAG6 is active in the endoplasmic reticulum.83,85 Interestingly, 
BAG2 has been identified to favor substrate renaturation by specifically inhibiting 
the chaperone-associated ubiquitin ligase CHIP on the one hand and assisting in 
the clearance of phosphorylated tau by competing with BAG1 on the other 
hand.86–88 BAG5 was identified as Hsp70-independent inhibitor of parkin, an E3-
ligase that is associated with genetic forms of Parkinsons disease (PD) and may 
serve as link between the chaperone system and the UPS by inhibiting Hsp70.89,90 
To date, little is known about the chaperone functions of BAG4; current research 
is mainly conducted in the field of oncology and focuses on its anti-apoptotic 
functions.45 In vitro, there seems to be a distinct hierarchy in the affinity of 
HSPA1A for NEFs; The affinity for BAG3 is strongest, followed by BAG1, Hsp105, 
and BAG2.79 These data further indicate that the abundance of chaperones may 
determine the functional Hsp70 complex, thereby influencing client fate. 

This thesis will focus on BAG3, which has been implicated in the delivery 
of ubiquitinated Hsp70 clients to the autophagy lysosome system35,57 and may 
inhibit proteasomal degradation of HSP90 clients.47 BAG3-expression seems to be 
regulated by multiple cellular pathways, including proteasomal inhibition,91 heat 
stress,92 and other protein denaturing conditions.93 By cooperating with the 
HSPAs, HSPB8 (HSP22), and SQSTM1, BAG3 may lead to the selective autophagic 
degradation of disease-associated proteins, like mutated huntingtin (Htt) and 
superoxide dismutase 1 (SOD1).35,57 
 
1.6.1 BIPASS; Balance is the Key to Protein Quality Control 
It has been long noticed that a decline of proteasomal functions usually coincides 
with the up-regulation of autophagy, presumably in a cellular attempt to dispose 
of protein waste.75,91,94 This phenomenon may not only be observed upon 
chemical inhibition of the proteasome, but also seems to occur during ageing.95 
Interestingly, ageing and various forms of stresses that impair or overload the 
proteasome are also associated with a decline in cellular BAG1-levels and 
therefore the cells ability to deliver clients to the proteasome. Usually, this 
decline in BAG1 levels is paralleled by an increase in cellular BAG3 levels.95 This 
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interesting association resulted in the hypothesis that changes in the BAG1:BAG3 
ratios may serve as a switch for cellular re-routing of proteasomal Hsp70-clients 
to autophagy.   

Recently, our research group confirmed this hypothesis and showed that 
multiple stress pathways that result in proteasomal overload also induce the up-
regulation of BAG3, thereby enabling cells to redirect HSPA1A-associated 
proteasomal clients to the autophagy pathway.57 In this process, termed BAG-
instructed proteasome to autophagy switch and sorting (BiPASS), ubiquitinated 
HSPA1A-clients are sequestered into BAG3-associated p62/LC3-positive punctae 
and delivered to autophagosomes for degradation (see Figure 2). Surprisingly, 
instead of being involved in BiPASS, proteasomal impairment leads to the 
relocation of the BAG3-partner HSPB8 to stress-granules, which suggests that it 
plays a role in translational inhibition and/or the rescue of mRNA under conditions 
of cellular stress.57 

This interesting phenomenon seems to be especially apparent in the brain, 
where long-lived cells, such as thermally differentiated neurons, display a ‘switch’ 
in the BAG1:BAG3 ratio, whereas short-lived cells, such as astrocytes, do not 
display such a switch.95 Combined, these results further indicate that BAG 
proteins are modulators of PQC and may have role in neurodegenerative 
diseases.95 

  

1.7. Neurodegenerative Diseases;  
Proteinopathies Affecting the Brain 
Proteinopathies, such as Alzheimers disease (AD), Parkinsons disease (PD), 
Amyotrophic lateral sclerosis (ALS), and Huntingtons disease (HD), are 
progressive neurodegenerative disorders characterized by the –initially selective- 
loss of neurons in the Entorhinal cortex (AD), the substantia nigra (PD), the 
striatum (HD, or the upper and lower motor neurons in the cortex and spinal 
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Figure 2: BAG-induced switch and sorting (BiPASS). Following cellular stress, 
BAG3 is released from HSPB8 and competes with BAG1 for the binding of ADP-Hsp70 
ubiquitinated client complexes. Whereas binding of BAG1 to the complex targets 
ubiquitinated Hsp70-clients to the proteasome for degradation, BAG3 binding targets 
ubiquitinated Hsp70-clients to the autophagy-lysosome system. Because BAG3-Hsp70 
binding affinity is stronger than that of BAG1-Hsp70 binding affinity, increased cellular 
expression levels of BAG3 lead to the re-direction of ubiquitinated proteasomal Hsp70-
clients to the autophagy lysosome systems under conditions of stress in a process termed 
BiPASS.  
 
cord (ALS) that progresses through the brain via disease-stereotypic routes.96 It 
is now widely accepted that proteinacious aggregates due to sporadic or 
inherited mutations in genes, including amyloid-β1-42 (Aβ1-42), tau, α-synuclein, 
mutant huntingtin (mHtt), TDP43, and SOD1 are at the heart of this progressive 
neuronal degeneration and the associated symptoms.  
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1.7.1 Astrocytes; Another Player in Neurodegeneration 
Many genes underlying neurodegenerative diseases are expressed ubiquitously 
and proteinopathy-associated aggregates can be observed in neurons as well as 
in other cells of the brain, called glial cells. Glial cells, including microglia, 
oligodendrocytes, NG2 cells, and astrocytes, engage in a dynamic range of 
functions that are essential for the development and physiology of the brain.97 
Astrocytes are the most abundant cell type in the brain (up to 50%) and exist in 
various forms, which is defined by their morphology and localization within the 
brain, and fulfill distinct functions, including supplying metabolites to neurons, 
regulating the blood flow and the blood-brain-barrier, controlling extracellular 
concentrations of ions, neurotransmitters, and fluids, and releasing 
gliotransmitters to influence synaptic activity (tripartite synapse).97 Astrocytic 
aggregates have been observed in humans and in mouse models of PD, AD, ALS, 
SCA, and HD.98 

The distinct morphology and physiology of different neurons and 
astrocytes may cause differences in the reliance of various types of neurons on 
astrocytes specific to each brain area, making some neuronal types especially 
vulnerable to astrocytic (dys-)function and disease-specific patterns of 
neurodegeneration.96 
 
1.7.2 Neurodegeneration;  
from Off-Pathway Conformers to Protein Aggregation 
Protein aggregates have been associated with both acute and chronic cellular 
stress.99–101 Unlike protein accumulation in acute cellular stress, disease-
associated aggregates are usually initiated by a single (sometimes mutant) 
protein. These disease-associated proteins are not necessarily misfolded or 
(intrinsically) expose hydrophobic patches and their aggregation may require an 
additional “trigger” event in many instances.102  

If disease-associated mutant proteins are misfolded and hydrophobic 
stretches are exposed, they may be recognized and degraded by the PQC 
system, which may ultimately result in their loss-of-function (LOF) due to 
haploinsufficency (e.g. cystic fibrosis, Gaucher’s disease). In contrast, disease-
associated proteins that are not misfolded and/or expose hydrophobic surfaces 
(e.g. most neurodegenerative diseases) are generally not recognized by the 
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 canonical PQC, which may result in dominant negative effects on the protein 
complexes the disease-associated protein functions in and/or in a toxic-gain-of-
function (TGF) associated with the aggregation of the disease-associated protein 
(e.g. Aβ1-42 in AD, mHtt in HD).4,25,103,104 In general, monogenic forms of 
neurodegenerative diseases are rare and histopathologically indistinguishable 
from the corresponding sporadic forms, indicating that the final disease pathway 
is common to both forms of disease. Although age and the specific disease-
associated mutation seem to influence the age of onset in neurodegenerative 
diseases, disease-associated proteins most likely do not aggregate 
spontaneously; instead, aggregation initiation most likely requires additional 
processing, such as poorly understood external “trigger” factors.105 The following 
paragraph will elaborate on the aggregation process and aggregation-associated 
toxicity. 
 
1.7.3 Proteinopathies; Aggregate Initiation and Toxicity 
Aggregation is the conversion of specific proteins from their soluble and 
functional states into non-functional aggregates (see Figure 3).106 In vitro data 
indicates that the aggregation of aberrantly folded or imperfectly degraded 
proteins most likely progresses via ‘nucleated growth’, which consists of at least 
3 different phases: Primary nucleation, secondary nucleation, and 
elongation.4,102,107,108 Research suggests that initial nucleation is followed by a 
lag-phase, during which nuclei are formed that is followed by the rapid 
exponential growth of fibrils.4 This process may result in the formation of off-
pathway conformers that initially aggregate into oligomers, which consist of 
diffusible, non-fibrillar proteins.108 In the literature, the term “aggregate” is used 
ambiguously and usually defined by detergent solubility or the appearance of 
protein dense materials in immunohistochemical or immunofluorescent dye 
stainings.105 However, there are different forms of aggregates; they can organize 
into highly organized, β-sheet-rich, amyloidogenic structures or into more 
amorphous and porous aggregates and may occur intra- or extra-cellularly.4 

Some data suggest that off-pathway intermediate aggregate species, 
including soluble monomeric, fibrillar, and oligomeric protein species, are the 
primary toxic agents underlying most proteinopathies, whereas fibrils may be 
considered inert or even cytoprotective.3,109–114 However, as most of these 
arguments are based on experiments that study the effects of extra-cellularly 
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applied aggregates on dividing, non-neuronal cells with cell death or toxicity as 
endpoint (e.g. Mtt assays, dye uptake, caspase activation), these arguments may 
not apply or be less relevant to long-lived, non-dividing neurons in which 
aggregates arise intra-celllularly. Evidence from animal studies indicates that -at 
least in polyglutamine diseases- inclusion pathology and most symptoms may be 
observed before the onset of neuronal cell loss,115,116 further supporting the 
notion that cell death parameters as used in in vitro-experiments may not be a 
good proxy for assessing toxicity in neurodegeneration. To assess the relative 
(potential) neuronal toxicity of aggregates, it is important to also consider the 
secondary loss of function that may be caused by aggregates by entrapping 
other cellular proteins, enzymes, chaperones, and factors.105 For instance, the 
entrapment of transcription factors in aggregates may lead to the indirect 
inhibition of cellular signaling pathways and thereby impair regular cellular 
functions. 

Several internal (e.g. mutations) and external (e.g. chemical or 
environmental stress) factors favor off-pathway folding, which may be counter-
acted by molecular chaperones.108 For instance, the lag-phase required for 
protein nucleation is often regarded as rate-limiting for protein aggregation 
because proteins may still be targeted for refolding or degradation by the PQC 
system. The lag-phase may be shortened by certain protein characteristics, such 
as hydrophobic charge, secondary structure, amino acid sequence, and the 
presence of unfolded regions, thereby increasing the proteins propensity to 
aggregate;4 paragraph 1.9 and Chapter 3 will discuss the potential effects of 
chaperones on proteinopathy-associated proteins in more detail. Accumulating 
evidence suggests that aggregation in many proteinopathies, including 
neurodegenerative diseases, may be due to nucleated polymerization, whereas 
the age-related decline in protein quality control systems may determine the 
onset of these diseases.108 Alternatively -or additionally- an age-related change in 
external ‘trigger factors’ may lead to the sequestration of chaperones that may 
prime an imbalance in protein homeostasis.105 

Taken together, current studies on aggregate toxicity mainly focus on the 
effects of extra-cellularly applied aggregates on cells and do not consider the 
fact that intermediate species, such as proto- and pre-fibrillar oligomers, may 
actually confer more direct toxicity through their ability to elongate and seed 
further aggregation of their soluble counter parts (e.g. nucleated polymerization) 
than fully formed aggregates.108 
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1.7.4 Inclusion Bodies; Organized Aggregate Storage 
It has been noted that aggregated proteins, fibrils, and aggregate intermediates 
may be targeted into organized structures, called inclusion bodies, which are 
generally located at distinct cellular locations.61,117,118 Interpretations of studies 
on the cellular ability to store aggregates into inclusion bodies have often been 
confounded by discussions surrounding aggregate toxicity (see 1.7.1) and its 
potential to serve as a driver of aggregation (“aggregases”; i.e. active promotion 
of proteins towards aggregation). This reasoning is -at least partly- incorrect; 
inclusion body formation may rather represent an organized redirection of pre-
existing, partially immobilized entities that are microscopically visible and must 
thus already exist in larger complexes (aggregates). We therefore refer to the re-
organization of these complexes into an even larger structure at a defined 
position as a form of (temporal) aggregate storage.  

The first evidence for the organized storage of aggregates was provided 
by experiments showing that misfolded proteins accumulate into so-called 
aggresomes near the microtubule organizing centre (MTOC).118 Further evidence 
indicated that heat-induced unfolded nuclear proteins temporarily accumulate at 
the periphery of nucleoli until they can be refolded by the Hsp70-machine once 
the cell returns to physiological temperatures.119 Later on, studies in yeast 
described the compartmentalization of aggregated proteins into IPODs and 
JUNQs.61,117  

A short description of these cellular “compartments” is provided below: 

• Aggresome 
Ubiquitinated misfolded or aggregated proteins are directed to aggresomes 
through retrograde motor proteins on microtubules. Aggresomes are located 
at the MTOC next to the nucleus and co-localize with y-tubulin, components 
of the proteasome, HSPs, and mitochondria. Vimentin and other filament 
protein form a cage around the core of this structure, which is most likely 
eventually cleared via autophagy.117,118,120,121 Recently, evidence of a 
transient localization of soluble proteins to an aggresome-like induced 
structure (ALIS) that co-localizes with ubiquitin and p62 aggresome-like is 
accumulating. This structure was observed following immune activation or 
stress conditions and is usually degraded by the UPS or autophagy.61,117 
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• Juxtanuclear quality control (JUNQ) or intranuclear quality control (INQs) 
Generally thought to be located next to the nucleus, the JUNQ contains 
chaperones and proteasomal subunits and is thought to serve as 
(temporary) storage for soluble misfolded proteins that are targeted to the 
UPS for degradation or for chaperone refolding.61,117 Recent data have shown 
that this structure, now referred to as INQ, is located inside the nucleus, 
where it serves as temporary storage for cytoplasmic and nuclear proteins 
under conditions of stress.122 

• Insoluble protein deposit (IPOD) 
Insoluble aggregated proteins, such as disease-associated Htt, may be 
targeted to this cytoplasmic structure,61 which co-localizes with autophagy-
associated proteins, suggesting that its constituents may eventually be 
degraded by autophagy.61,117 

• Stress Granules (SGs) 
The assembly of RNA binding proteins into transient SGs is mediated through 
prion-like glyicine-rich domains and serves to adapt protein expression levels 
to the stress response by sequestering, silencing, or degrading RNA 
transcripts. Furthermore, it was suggested that disease-associated proteins, 
such as mutant TDP43, FUS, and tau could perturb SG dynamics, thereby 
lengthening their cytoplasmic persistence. This can result in pathological SGs 
that initiate the formation of aggregates associated with dementia and 
Amyotrophic Lateral Sclerosis (ALS).123,124 
Irrespective of the type of ‘aggregate’ and its assumed toxicity, the storage 
of aggregates into inclusion bodies is regarded as a cellular attempt to 
diminish the toxicity of potentially harmful proteins, and hence considered to 
be cyto-protective.61,117,125 However, in order to fully assess the relative 
protectiveness or toxicity of aggregates, the toxicity of aggregate 
components as well as their localization and secondary effects need to be 
assessed.105 The intracellular storage of potentially large physical structures 
may confer multiple problems. Whereas nuclear aggregates may physically 
interfere with DNA and RNA transactions and therefore affect processes 
such as transcription or RNA processing, cytoplasmic inclusions may interrupt 
membrane integrity, interfere with ERAD, or impair intracellular trafficking 
(e.g. autophagy, stress granule dynamics).105 Neurons might be particularly 
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 sensitive to the aberrant effects of aggregate localization, as aggregates 
may interfere with axonal vesicle transport and affect neuronal signaling, 
eventually resulting in Wallerian degeneration and neuronal death.126,127 

 
1.7.5 Aggregate Toxicity in Astrocytes 
As stated before, astrocytic aggregates have been observed adjacent to 
aggregate-containing neurons as well as in brain areas that did not display 
neuronal aggregates.96 Such astrocytic aggregates may perturb regular 
astrocytic functions and/or make astrocytes reactive, which may contribute to 
neurodegeneration in AD, PD, ALS, and HD, as is exemplified below:96 

• Functional impairment of astrocytes 
Amongst others, astrocytic mHtt-expression was found to lead to a decrease 
in glutamate transport and enhanced calcium-dependent glutamate release in 
mice, thereby hypothetically increasing the likelihood of glutamate-mediated 
neuronal excitotoxicity cell non-autonomously.128–131 It has been suggested 
that mHtt-induced astrocytic and neuronal changes synergize to cause the 
HD-stereotypic degeneration of the striatum in a polyQ-length dependent 
manner.96 

• Reactive astrocytes 
An insult or injury to the neurons can cause astrocytes to become reactive, 
which is a graded astrocytic, immune-like, response that may range from 
hypertrophy, proliferation, migration, to the formation of a glial scar.96 Next to 
the release of neuroprotective substances (e.g. inflammatory modulators, 
chemokines, cytokines, neurotrophic factor), reactive astrocytes can also lead 
to the release of a variety of neurotoxic factors that may contribute to or 
exacerbate disease progression. The context, duration, and nature of the 
causative stimulus determine the exact nature and extent of this astrocytic 
immune response, which has been observed to varying degrees in the brains of 
AD-, PD-, HD-, and SOD1-mediated ALS-patients.96 As example, reactive 
astrocytes that surround Aβ1-42 plaques have been shown to produce high 
levels of pro-inflammatory cytokines that are thought to exacerbate neuronal 
damage in AD.96,132,133 Similar observations have been made for PD, where 
alpha-synuclein containing astrocytes have even been detected in brain areas 
without neuronal Lewy bodies.  
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1.9. The Prion Hypothesis 
In recent years, evidence has accumulated that indicates proteinopathy-
associated proteins, including Aβ1-42, tau, alpha synucelin, SOD1, and Htt, may 
behave like prions and convert their native, non-aggregation prone, counter parts 
into aggregated forms that can propagate from one neuron to the next, thereby 
progressively spreading neurodegenerative diseases across different brain areas.  

Prion-diseases, such as Creutzfeld-Jakob disease, scrapie, or bovine 
encephalopathy, are proteinopathies that may be genetic, sporadic, or contagious 
(e.g. consumption of infected meat). Prion-diseases cause progressive 
neurodegeneration, which is tightly associated with the conversion of the 
normally folded PrP proteins into an abnormal, infectious, aggregated prion form 
(‘template assistance’ model, see Figure 3).134–136  

 
Figure 3: Protein aggregation and Prion-l ike seeding. Aggregation is the 
conversion of specific proteins from their soluble, functional states into non-functional 
aggregates. ‘Nucleated growth’ of aberrantly folded or imperfectly degraded proteins may 
lead to the rapid exponential growth of pre-fibrils and the formation of toxic off-pathway 
conformers. These toxic conformers may initially aggregate into oligomers consisting of 
diffusible, non-fibrillar proteins and grow into native fibrils that can grow indefinitely, 
eventually entrapping the components of the PQC. The exact sequence of events is yet 
unclear and may depend on multiple factors. Aβ1-42, tau, alpha synucelin, SOD1, and Htt, 
may behave prion-like and convert their native, non-aggregation prone counter parts into 
aggregated forms that can propagate from one neuron to the next and seed aggregation  
(‘template assistance’ model). It has yet to be determined which of the (pre-)aggregate 
species confers this prion-like properties.  
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 Aggregated prion-oligomers tend to be unstable and grow by incorporating prion 
proteins in similar conformational states until a stable nucleus is formed. Stable 
prion aggregates are thought capable of growing indefinitely and break into 
smaller fragments that may act as nuclei for new prion aggregates in adjacent 
cells (‘seeded polymerization’ model).108,137 Furthermore, PrP aggregates were 
found to progress from one cell to another via tunneling nanotubes, which are 
50-200nm diameter actin-rich hollow filaments that interconnect cells in 
culture.138 Other potential mechanisms of transmission are active PrP release via 
vesicle-mediated exocytic processes (e.g. incomplete autophagocytosis, 
lysosomal exocytosis) and passive PrP release (e.g. local rupture of the plasma 
membrane, cell lysis); PrP is most likely internalized via endocytosis or by directly 
crossing the cellular membrane of adjacent cells.108,137 

 
1.9.1 Proteinopathies;  
Prion-Like Propagation of Neurodegeneration 
The classification of a protein as prion-like encompasses several criteria, including 
the134,137,139,140 

- irreversibility of non-native protein assemblies  

- efficiency of cell-to-cell transfer, inherent to aggregates  

- infectiousness of disease-associated protein  

- transmittance of disease-associated proteins  

Although it is still debated whether the diseased proteins underlying 
neurodegenerative diseases may indeed be classified as Prion-like this definition 
might explain the (seemingly stereotypic) progression of neurodegenerative 
diseases beyond the neurons or brain areas of aggregate initiation.108,137 
Accumulating evidence indeed indicates that most neurodegenerative 
proteinopathies may have prion-like properties: 

• As discussed above, all proteinopathy-associated aggregates discussed in 
this chapter are either largely resistant to the cellular PQC  

• Originally, it was observed that some healthy human fetal grafts that were 
transplanted into the brains of patients with PD contained Lewy bodies and 
Lewy neurites after a time period of 10 to 14 years.141–143 It has since been 
shown that the extracellular application of proteinopathy-associated proteins 
results in the cellular entrance of aggregates in vitro.144–146 Although these in 
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vitro results were frequently considered to be artifacts, the localized 
injection, over-expression, and transplantation of artificially generated 
peptides and of human brain homogenates confirmed that disease-associated 

Aβ, tau, and α-synuclein may propagate to originally non-affected cells in 
rodent-brains according to a stereotypic propagation pattern.147 Although 
similar mammalian studies have yet to be performed for PolyQ disease- and 
ALS-associated proteins, recent findings from the Kopito group provide initial 
evidence for the cell-cell propagation of disease-associated Htt in D. 
melanogaster.148 This idea is further explored in Chapter 4.  

• A self-propagating agent is considered to be infectious if it is capable of 
generating identical copies of itself through various mechanisms that may or 
may not require exogenous agents.149 The ability of proteinopathy-
associated mutant proteins to seed the aggregation of native conformers 
was proven in cells (of polyQ, tau,  α-synuclein, SOD1) and in mice (tau, α-
synuclein,).108,150 Although little evidence exists for the Aβ-mediated seeding 
of intra-cellular aggregates, a study in mice indicates that different Aβ-
strains govern the type of aggregates.151 Similar evidence exists for α-
synuclein, which indicate that some –but not all- α-synuclein-strains seed 
morphologically distinct aggregates.152  

• Findings that Aβ, as well as α-synuclein, can be transported across the blood 
brain barrier, and may thereby leave and enter the brain, raised debates on 
the possible prion-like transmittance –and thus contagiousness- of these 
proteinopathies.153,154 These debates were fueled by a recent study that 
analyzed post-mortem brain tissue of patients with Creutzfeldt-Jakob 
disease due to injections of growth hormone derived from human cadavers 
who had died in their 40s and 50s. Although neither of these patients had 
any AD risk factors, some brain samples not only contained PrPSc-aggregates 
but also Aβ-plaques reminiscent of early stage AD.155 Although it has yet to 
be established whether these Aβ-plaques originated from the patients’ 
growth hormone injections, the study fueled debates on the possible 
transmittance of proteinacious (Aβ) aggregates.156 

Taken together, these studies support the hypothesis that the cell-to-cell 
transmission of aggregate (precursors) and their seeding of native conformers 
may be a generic phenomenon at the origin of most neurodegenerative diseases 
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 and govern the disease-specific stereotypic propagation of neurodegeneration 
through the brain.  Whether these proteinacious aggregates can also be 
transmitted between humans –or even species- needs yet to be established. 
 
1.9.2 Astrocytes; Possible Role in Prion Propagation 
Astrocytes are a particularly interesting cell type as their intricate connections 
with -and close proximity to- neurons (e.g. nutrient exchange, tripartite synapse) 
might enable them to ameliorate the prion-like neuron-to-neuron transmission of 
aggregates in neurodegenerative diseases. Next to the already described 
astrocytic functions in maintaining neuronal homeostasis and their role in the 
brains immune response, astrocytes have also been shown capable of 
internalizing (pre-)aggregated protein species, including Aβ1-42, α-synuclein, and 
mHtt.96,108,148 Although the mode of uptake is still under investigation and most 
likely depends on the target protein itself, the ability of astrocytes to restrict or 
slow down the prion-like propagation of proteinacious aggregates from one 
neuron to the next by internalizing extra-cellular aggregates and hereby protect 
the progression of neurodegeneration would open up intriguing alternative 
possibilities for disease interventions. 

Taken together, specific characteristics of the disease-associated proteins 
in neurons and glial cells (α-synuclein in PD, Htt in HD, Aβ1-42 in AD, SOD1 in ALS), 
their localization, secondary intra-cellular effects and their propensity to act as 
prion-like seed in adjacent cells, thereby spreading disease to adjacent brain cells, 
most likely contribute to the disease-associated molecular toxicity.96,108 
 
1.10 Chaperones; Aggregate Prevention and Disposal  
As stated above, most canonical heat shock proteins can bind client proteins that 
expose hydrophobic interactive surfaces. However, in general, the initiation of 
amyloidogenic aggregates is not mediated through hydrophobic interactions but 
through H-bonding, which may prevent their detection by the canonical 
chaperone system. Interestingly, some non-canonical members of the HSP 
families have been found capable of recognizing these amyloidogenic cores in 
proteins, prevent the initiation of aggregation, and target early intermediate 
species for degradation.105,113 Although chaperones are generally not able to 
disaggregate ‘naked’ amyloids,2 they may bind hydrophobic sides chains of 
growing amyloids, thereby slowing down the elongation-phase (e.g. allowing for 
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aggrephagy before they grow to larger entities), preventing the sequestration of 
other proteins into the aggregates, and processing aggregated proteins into 
inclusion bodies. In addition such side-chains may form anchors for chaperones 
for disaggregation.2,105,157 
 Besides the above-mentioned general chaperone-effects on aggregation-
processes, pathways leading to protein aggregation inherent to various disease-
associated proteins may differ. This not only pertains to  
the (final) aggregates formed by individual proteins, but also to the routes 
leading to the final (often morphologically similar) amyloid fiber. To answer the 
question whether specific chaperones are need to handle different toxic protein 
species, we investigated the existing literature on the activity of mammalian 
chaperones against multiple toxic protein species in various model organisms in 
chapter 3.   
 
1.10.1 Chaperones;  
potential functions in prion-l ike aggregate transmission  
Another potential function for chaperones may lie in restricting the prion-like 
propagation of proteinopathy-associated ‘infectious’ proteins by:108,137  
- Interfering with aggregate-release; e.g. by promoting exocytosis 
- Interfering with aggregate-uptake by (adjacent) neurons (e.g. reduced 

neuronal uptake or by enhancing uptake by astrocytes); e.g. several 
chaperones have been associated with the endocytic machines 

- Interfering with aggregate-seeding in otherwise healthy neurons following 
aggregate uptake; e.g. by inhibiting secondary nucleation or elongation 

- Protecting negative consequences of seeding aggregation in recipient cells; 
e.g. preventing aggregate toxicity 

In Chapter 4, we investigated the question whether and how the over-expression 
of the chaperone DNAJB6b in astrocyte-like cells can ameliorate disease 
progression in a DM-model for HD in which mHtt is specifically expressed in 
neurons.  
 
1.11 Chaperonopathies; the crucial role of the PQC in muscle 
formation and maintenance  
Interestingly, a number of protein aggregation diseases have recently been linked 
to mutations in HSPs. These so-called chaperonopathies are responsible for some 
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 myopathies, cardiopathies, neuropathies, and retina-related diseases.6,167–169 
Several chaperonopathies are dominantly inherited168,169 and it is not clear 
whether these are TGF diseases similar to classic aggregation disease or whether 
they are due to a LOF of chaperone activity (haploinsufficiency) or whether they 
have dominant negative (DN) effects on the chaperone complex they function in. 
The muscle cells in heart and skeletal tissues are subject to continuous 
mechanical stress, suggesting that they may highly depend on maximal 
chaperone activity. Accordingly, studies over the past decade have shown that 
the active regulation of chaperones plays an essential role in myofibrillogenesis, 
the maintenance of muscle cell structure, and in in the maintenance of protein 
homeostasis under conditions of stress.170,171 For instance, the Hsp70-machine 
may protect against cellular damage and dysfunction (e.g. following eccentric 
exercise or injury), HSPBs may support muscle cell structure, and proteins 
involved in autophagy and the UPS may mediate cellular remodeling and remove 
abnormal or damaged proteins and organelles.170,172–174 Subsequently, 
deficiencies and over-activity of various PQC components, including HSPBs, 
proteasomal, and autophagosomal components, have been associated with 
muscular dystrophies, myopathies, cardiomyopathies, and neuropathies through 
various mechanisms.6,170,172–174 While chaperonopathies are extensively reviewed 
in Chapter 3 (BARcoding heat shock proteins to human disease),6 this 
introduction shortly introduce chaperonopathies caused by mutations in BAG3, 
which was the central focus of Chapter 5 in this PhD thesis.  

 
1.11.1 BAG3 Mutations; PQC Out of Balance  
As stated above, BAG3 is a NEF for Hsp70 machines that has been associated 
with a process called ‘BIPASS’, i.e. the rerouting of Hsp70-bound proteasomal 
clients (see 1.6).57 Via its two IPV-domains, BAG3 forms stable complexes with 
HspBs -and HSPB8 in particular35- which disperse upon proteotoxic or cellular 
stress following which BAG3 functions in BIPASS and HSPB8 in stress granules 
(unpublished data). 
 Multiple dominant mutations in BAG3 have been causatively associated with 
a variety of human muscular and cardiac diseases. Most of these BAG3 mutations 
are located in the BAG-domain (Hsp70-binding) or in or in the vicinity of the IPV-
domain (HspB-binding); the specific location of the mutation determines the 
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disease type (neuropathy, cardiopathy, and/or myopathy), the severity (mild vs. 
fatal), and the age of onset (childhood vs. late adulthood).175–183 

One BAG3 mutation, BAG3 P209L, is located in the second IPV-motif and 
has been associated with a particularly devastating pathology that starts early in 
life and results in a fulminant myofibrillar myopathy accompanied by a 
cardiopathy, and respiratory complications.175–183 Observational studies indicate 
that the BAG3 P209L mutation is associated with the accumulation of several Z-
disc associated proteins and the aggregation of BAG3 P209L in-between 
myofibrils, a thickening of the Z-disc, and myofibrillar and muscular 
disintegration.175,184 Interestingly, BAG3 knock-out mice also develop Z-disk 
defects that eventually result in non-inflammatory fiber-degeneration and the 
lethal failure of intercostal muscles, suggestion LOF as possible mechanism.185 To 
further elucidate whether the BAG3 P209L-mutation causes disease by LOF 
mechanism or not, we studied its effects in detailed cellular experiments (Chapter 
5). 
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Abstract 

Aims: A characteristic of polyglutamine (polyQ) diseases is the increased 
propensity of disease proteins to aggregate, which is thought to be a major 
contributing factor to the underlying neurodegeneration. Healthy cells contain 
mechanisms for handling protein damage, the protein quality control (PQC), which 
must be impaired or inefficient to permit proteotoxicity under pathological 
conditions.  

Methods: We used a quantitative analysis of immunohistochemical stainings of 
the pons of 8 patients with the polyQ disorder SCA3. We employed the anti–
polyglutamine antibody 1C2, antibodies against p62 that is involved in delivering 
ubiquitinated protein aggregates to autophagosomes, antibodies against the 
chaperones HSPA1A and DNAJB1 and the proteasomal stress marker UBB+1.  

Results: The 1C2 antibody stained Neuronal Nuclear Inclusions (NNI), Diffuse 
Nuclear Staining (DNS), Granular Cytoplasmic Staining (GCS) and combinations, 
with reproducible distribution. P62 always colocalized with 1C2 in NNI. DNS and 
GCS co-stained with a lower frequency. UBB+1 was present in a subset of neurons 
with NNI. A subset of UBB+1 containing neurons displayed increased levels of 
HSPA1A, while DNAJB1 was sequestered into the NNI.  

Conclusion: Based on our results, we propose a model for the aggregation 
associated pathology of SCA3: GCS and DNS aggregation likely represents early 
stages of pathology, which progresses towards formation of p62 positive NNI. A 
fraction of NNI exhibits UBB+1 staining, implying proteasomal overload at a later 
stage. Subsequently, the stress inducible HSPA1A is elevated while DNAJB1 is 
recruited into NNIs. This indicates that the stress response is only induced late 
when all endogenous PQC systems have failed.  
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IIntroduction 

Protein aggregation can be caused by chemical, oxidative and heat stress as well 
as by protein misfolding or mutations.1 It is also a characteristic feature of many 
neurodegenerative diseases, including the polyglutamine (polyQ) diseases.2 Here, 
an expansion of a poly-CAG repeat sequence within a gene coding for a disease 
specific protein causes the expansion of a polyglutamine sequence resulting in 
aggregation of the disease protein, which is considered to be a major 
contributing factor to the severe neurodegeneration present in these diseases.1–4 
Spinocerebellar ataxia type 3 (SCA3), a polyQ disease, is the most frequent 
autosomal dominant spinocerebellar ataxia.5 In healthy individuals the causative 
ATXN3 gene, situated on chromosome 14q32.1 contains 12-40 CAG-repeats, 
while in patients it encompasses 61-84 CAG-repeats.3 The best-described protein 
aggregates in SCA3 are neuronal nuclear inclusions (NNI), which have been 
demonstrated to sequester numerous other proteins (e.g. transcription factors, 
heat shock proteins).1 However, the relation between the NNI and neuronal death 
remains elusive. While an animal model demonstrates that ataxin-3 toxicity 
depends on nuclear localization,6 nuclear aggregates are also present in areas 
unaffected by neurodegeneration in SCA3 patients (e.g. medial thalamic 
nuclei).6,7 Other types of aggregates exist, but received less attention.8,9  
 To deal with misfolded and aggregating protein, cells contain several 
biological pathways, referred to as the protein quality control (PQC) system, 
which include refolding (e.g. HSP70 chaperones) and degradation pathways (e.g. 
ubiquitin-proteasome system, autophagy). The evolutionary highly conserved 
HSP70 chaperones act together with the DNAJ family of co-chaperones in 
multiple folding processes.10 The human HSPA1A is a strongly stress inducible 
HSP70 member and an excellent marker of proteotoxic stress11 and, if present at 
elevated levels, can protect against acute proteotoxic stress by assisting protein 
refolding.12 However HSPA1A is not very effective in responding to and 
protecting against chronic stress, like expression of polyQ disease protein.13 For 
the latter, up-regulation of DNAJ proteins seems to be more effective.13 In the 
present study, we focused on DNAJB1, as it has been reported to be included 
into polyQ inclusions in post mortem tissue14 and expression levels in fibroblast 
cultures of SCA3 patients were associated with the age of onset of these 
patients.15 Also, DNAJB1 was found to reduce polyQ aggregation in a HSPA1A 
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dependent manner in a cell model,13,16 by assisting proteasomal degradation of 
polyQ proteins.17 
 The ubiquitin proteasome system (UPS) degrades target proteins into 
oligopeptides, thereby eliminating unnecessary or misfolded proteins.18 Target 
proteins tagged with a specific polyubiquitin flag are transferred to the 
proteasome via shuttle proteins. In polyQ diseases like SCA3, the aggregates are 
ubiquitinated, indicating that the disease protein may be flagged for UPS 
degradation.19 However UPS degradation of aggregated protein is either 
inefficient or impossible. The presence of ubiquitinated aggregates therefore 
likely represents the overloading or failure of the proteasome to degrade soluble 
polyQ protein.20 Ubiquitinated proteins can also be recognized by e.g. the p62 
protein to assemble them into aggregates and shuttle them to autophagic 
vesicles.21–24  
 Although it is debated how and at what stage in disease, general 
proteasomal overload does seem to occur during polyQ disease progression. If 
blocked by aggregated protein material, the UPS also becomes less competent at 
degrading normal, unaggregated target protein. This may be deduced from the 
increased presence of the ubiquitin transcription frameshift mutant UBB+1 in post-
mortem tissue of SCA3 patients. Molecular misreading of ubiquitin to UBB+1 also 
occurs in healthy cells, where it is quickly degraded by a normally functioning UPS 
and thus hardly detectable.25,26 
 In the present study, we performed a quantitative analysis of aggregation 
profiles in the pontine nuclei of 8 SCA3 patients in relation to changes in 
components of the PQC. We found a reproducible distribution of the different 
neuronal aggregate types and observed UBB+1 and aberrant HSPA1A/DNAJB1 
expression in a specific co-staining pattern related to aggregate formation, from 
which we propose a model for neuronal cell pathology and PQC failure in SCA3.  

 

Results 

Characterization of polyQ aggregates in the pontine nuclei of 
SCA3 patients 
Using the 1C2 antibody, which recognizes any polyQ repeat of 38+,27 we first 
analyzed the types of aggregates present in the pontine nuclei of 8 SCA3 brains 
(Fig 1). Individual neurons exhibited a variety of staining patterns consistent with 
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earlier observations.8 NNI, defined as clearly demarked and strongly stained round 
objects within the neuronal nucleus, not in contact with the nuclear membrane, 
are frequently reported inclusions (Fig 1A). Besides NNI, Diffuse Nuclear Staining 
(DNS), defined as uncondensed and evenly distributed or slightly grainy (Fig 1B), 
was detected in a majority neurons. Furthermore, a subset of neurons was found 
to contain Granular Cytoplasmic Staining (GCS), with the granules being usually 
smaller than NNIs (Fig 1C).  
 For each patient, the frequency of the aggregate types was scored by 3 
independent observers in 100 neurons. Scoring was highly reproducible 
(Supplemental Fig 1) and all patients show similar aggregation patterns (Fig 1M), 
with most neurons containing a mixture of NNI, DNS or GCS, and a notable 
absence of the NNI/GCS combination (Fig 1M). In this study, the average 
percentage of neurons showing staining patterns which include NNI was 62% in 
the fluorescent stainings and 53% in positive contrast. 
Another marker frequently used for protein aggregation is the p62 protein 
[21,22]. The adaptor protein p62 is required for the formation of ubiquitinated 
protein aggregates in vitro and formation of inclusion bodies in cells; it also binds 
directly to the autophagosomal marker LC3.23 The tripartite interaction between 
p62, ubiquitinated protein (aggregates) and LC3 is presumed to mediate delivery 
of these aggregates to the autophagy system to facilitate aggregate 
degradation.21–24 The p62 antibody stains NNIs, DNS as well as GCS (Fig 1D-F) 
but preferentially detects NNI (Fig 1N and Supplemental Fig 1C). In contrast, an 
ubiquitin antibody decorated all types of aggregates with no preference (Fig 1G-I 
and Supplemental Fig 1B). 
 
PPolyQ aggregates and protein quality control 
UBB+1 is a frame shift mutant of ubiquitin, resulting from molecular misreading 
which occurs at low levels in healthy conditions, and is usually undetectable due 
to its rapid proteasomal degradation.25,26 Upon proteasomal inhibition, UBB+1 

levels can increase to detectable levels and thus can be used as a suitable marker 
for proteasomal dysfunction in post-mortem tissue,28 and can by itself exert a 
toxic influence onto the affected neurons.29 Using double staining with either 1C2 
or p62 together with UBB+1 specific antibodies, we observed that UBB+1 was 
levels can increase to detectable levels and thus can be used as a suitable marker 
for proteasomal dysfunction in post-mortem tissue,28 and can by itself exert a 
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toxic influence onto the found exclusively in neurons containing NNI (Fig 2) but 
not DNS or GCS, and located primarily in the NNI. All UBB+1 positive NNI co- 
affected neurons.29  
 

 

Figure 1. Analysis of aggregate types and frequencies. Immunostaining of polyglutamine 
aggregates with 1C2 (A-C), p62 (D-F) and ubiquitin (G-I) and 1C2/p62 double staining (J-
L). NNIs (arrows) (A,D,F,G), DNS (open arrows) (B,E,F,H) and GCS (arrowheads) (C,F,I) 
exhibit different staining qualities and intensities, depending on the antibody employed. 
Note the combination of staining patterns in figure F. In all cases, the 1C2/p62 staining 
co-localizes in NNI (J-L: 1C2 (green) and p62 (red)). Frequency distribution of 1C2- (M) 
and p62-positive (N) aggregate types (mean ± 1 SD). (A-C: 1C2 staining with 
hematoxylen counterstaining; D-F: p62 staining with hematoxylen counterstaining; G-I: 
ubiquitin staining with hematoxylen counterstaining; J-L: 1C2 – red, UBB+1 – green). 
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Using double staining with either 1C2 or p62 together with UBB+1 specific 
antibodies, we observed that UBB+1 was stained with either 1C2 or p62, but only 
a fraction of 1C2/p62 positive NNI (27% of NNI containing neurons, 17% of all 
neurons, n=300) showed UBB+1 labeling, suggesting that only a fraction of 
neurons containing NNI exhibit signs of proteasomal dysfunction. 
A central element in protein homeostasis is formed by molecular chaperones, 
especially those of the family of heat shock proteins (HSPs). Several HSPs have 
been implicated in disease processes, especially DNAJB1 as a modifier of age of 
onset in SCA3.15 In the pontine nuclei of control cases, all neuronal cells showed 
moderate DNAJB1 staining primarily in the cytoplasm (Supplemental Fig 2A).  
 

 
Figure 2: Co localization of UBB+1 with p62 and 1C2. Fluorescent double staining with 
p62/UBB+1 (A-C) and 1C2/UBB+1 (D-F). UBB+1 staining co localizes with some (arrows) but 
not all (arrowheads) p62 and 1C2 positive NNI (A-F). (A-C: p62 – red, UBB+1 – green; D-F: 
1C2 – red, UBB+1 – green).  
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The same was found in most neuronal cells from the SCA3 patients 
(Supplemental Fig 2B). Double fluorescent staining of 1C2 and DNAJB1 showed 
that 85% of all NNI were immunoreactive for DNAJB1 (Supplemental Fig 3A-C). 
Most of these neurons still showed a diffuse cytoplasmic and nuclear staining 
(Supplemental Fig 3A- C). However, a small fraction of all neurons (6%) showed a 
marked decrease of cytoplasmic staining combined with sequestration of the 
DNAJB1 into the NNI (Supplemental Fig 3D-F). Cells without a NNI never 
displayed this absence of cytoplasmic DNAJB1 staining.  

Finally, we performed double immunolabelling with antibodies against p62, 
UBB+1, or DNAJB1 combined with a specific antibody against the stress-inducible 
member of the HSP70 family, HSPA1A. In most neurons, HSPA1A is found at low 
basal levels in the cytoplasm both in control and SCA3 brains (Supplemental Fig 
2C,D). A majority of NNIs were HSPA1A immunoreactive as revealed by the 1C2 
co-staining (Supplemental Fig 4), consistent with in vitro data and previous work 
in human brains,14 indicating that HSPA1A is recruited into the NNI. Interestingly, 
combined staining of UBB+1 with HSPA1A revealed a subset of UBB+1 positive 
neurons that exhibited a marked up-regulation of HSPA1A (Fig 3A-C). 

Double staining of DNAJB1 with HSPA1A revealed that it is precisely cells 
lacking cytoplasmic DNAJB1 staining and full sequestration of DNAJB1 into the 
NNI, where HSPA1A intensities were drastically elevated (Fig 3D-F). In fact, we 
found an inverse correlation between cytoplasmic HSPA1A and DNAJB1 staining 
intensities (Supplemental Fig 5).  

 
Discussion 

In this manuscript, we quantitatively analyzed different forms of protein 
aggregates in post-mortem brains of SCA3 patients in relation to differential 
expression of components of the PQC. Furthermore, our data suggest that 
components of the PQC only respond to and become impaired at a late stage 
during the aggregation process. From this, we propose a sequence of events 
taking place during the aggregation process of SCA3. Using 1C2 antibodies as 
protein aggregation marker, we found neurons not only to contain NNI, the 
canonical aggregates that hallmark SCA3,1 but also diffuse aggregates 
throughout the nucleus (DNS) and granular aggregates in the cytoplasm (GCS), 
consistent with earlier reports.8 Frequently, combinations of the 3 staining types 
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were observed, except for the combined CGS/NNI patterns, which were never 
found. Another aggregation marker, the p62 protein, had a clear preference for 
NNI, with GCS and DNS type labeling being both less frequent and less intensive. 

In parallel to these aggregation patterns, we studied the distribution of PQC 
markers. As marker for proteasomal overload we used UBB+1.25,26 The presence of 
UBB+1 in a subset of NNI containing neurons suggests that a fraction of neurons 
exhibit signs of proteasomal dysfunction and that GCS and DNS may represent 
earlier less stressful stages of aggregation pathology, since they do not display 
detectable levels of UBB+1.  
 

 
Figure 3: DNAJB1 sequestration into NNI and HSPA1A up-regulation. Fluorescent double 
staining with UBB+1/HSPA1A (A-C) and DNAJB1/HSPA1A (D-F) showing positivity of UBB+1 
in a subset of neurons both with and without changes in DNAJB1 or HSPA1A in neurons. 
HSPA1A is strongly up-regulated when DNAJB1 is sequestered from the cytosol into the 
NNIs (arrow), while other neurons retain their staining (arrowhead). (A-C: p62 – red, UBB+1 
– green; D-F: HSPA1A – green, DNAJB1– red). 
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As markers for (proteotoxic) stress, we monitored the expression of the 
stress inducible HSPA1A chaperone and the co-chaperone DNAJB1.10 Somewhat 
surprisingly, HSPA1A was only found to be up-regulated in a subset of UBB+1 
positive neurons: in fact, only those UBB+1 positive, NNI containing neurons that 
concomitantly have lost somatic staining of the HSP70 co-chaperone DNAJB1 
showed this HSPA1A up-regulation. This shows that neurons do not display a 
heat shock response in the presumed early stages of aggregation of the polyQ 
protein (DNS, GCS). 
 
Staging of the Aggregation process 
Based on these observations, we propose the following model for the sequence 
of events in SCA3 neurons (Fig. 4): Neurons containing 1C2-stained GCS (stage 
1) and DNS (stage 2) are only rarely positive for p62. Formation of NNI (stage 3) 
likely represents a more advanced stage of the aggregation process, as they are 
constitutively labeled by p62. 

The progressive protein aggregation next leads to proteasomal impairment 
(stage 4) as supported by the UBB+1 staining, only present in neurons with NNI. 
The final stage (stage 5) is characterized by the up-regulation of HSPA1A, while 
at the same time the co-chaperone DNAJB1 is sequestered into the NNI. 
 

 
Figure 4: Model for progressive changes in protein quality control in human SCA3. 
Aggregating ataxin3 (brown dots) occurs first as GCS, progresses via DNS to NNI. 
Proteasomal dysfunction, marked by UBB+1 (red dots), only occurs in neurons with NNI. 
Up-regulation of HSPA1A is associated with DNAJB1 sequestration into NNI. Frequencies 
of all stages as derived from all quantifications are given in the bars. 
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In this model, the transition from cells exhibiting aggregation of disease protein 
into GCS towards DNS and NNI during stages 1 to 3 is supported by the lack of 
GCS/NNI combinations and the preferential staining of NNI by the p62 antibody. 
P62 is implicated in active aggregation processes, as knocking out p62 in model 
organisms leads to absence of aggregates and enhanced proteotoxicity.22 This 
also suggests that NNI are not necessarily toxic and may even reflect active 
protective mechanisms of temporal storage of aggregating protein.21,30,31 
However, while cytoplasmic inclusions might be subject to autophagosomal 
degradation,21,32,33 this may be less likely for inclusions within the nucleus. While 
polyQ proteins can be shuttled out of the nucleus,34 it is a highly aggregation-
prone environment in which small aggregates may rapidly nucleate to large 
aggregates which then can no longer be transported through the nuclear 
membrane.35  

Although in vitro data are inconclusive regarding the precise interference 
of polyQ aggregates with the proteasome,20 the presence of UBB+1 during stage 
4 hints at an impairment of the proteasomal system. Its function could either be 
inhibited due to saturation of the ability to sequester polyQ aggregates 
(overloading the proteasome) or due to direct sequestration of elements of the 
proteasome (loss of function).36  

The up-regulation of HSPA1A demarks the final stage (stage 5) of the 
progressive aggregation pathology. The constitutive expression of chaperones 
might be able to temporarily counterbalance the deficit in proteostasis caused by 
the impairment of proteasomal function. Long term benefits, however seem 
unlikely. Indeed, the HSP70 overexpressing neurons showed morphological 
abnormalities (Fig 3) indicative of poor health.  

It is striking to note that the stress response seems to be activated only 
so late during pathogenesis, given its potential to interfere with misfolded 
proteins. However, the heat shock response (HSR) is self-regulating and induced 
in a stress-dose dependent manner. Given the chronic nature of the disease and 
the slow accumulation of misfolded proteins over time, this may just be 
insufficient to induce the HSR. Only when all other systems fail and misfolded 
protein or/and aggregates accumulate to high quantities HSR seems activated. 
At this stage, however, cellular damage may already be too severe and the 
induction of the HSR, amongst which the elevated expression of HSPA1A, is too 
late and no longer sufficient to be cytoprotective.  
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 Lastly, it is interesting to note that the HSPA1A induction coincided with a 
sequestration of the constitutively expressed DNAJB1 in the inclusions. DNAJ 
proteins are generally found to be good suppressors of polyQ aggregation and 
toxicity.13 Moreover, we recently found that differential expression of DNAJB1 in 
SCA3 patients was correlated to the age at onset in addition to CAG repeat 
length.15 This raises the hypothesis that the recruitment of DNAJB1 proteins into 
the NNI in parallel with its cytosolic disappearance reflects a failure of these 
chaperones to maintain the misfolded polyQ proteins in a state competent for 
(proteasomal) degradation, and raises the question of whether the up-regulation 
of HSP70 alone has any effect on the aggregating polyQ alone.17 
 
Implications in terms of neurodegeneration and clinical 
symptoms 
Whereas our data point to an order of events during SCA3 pathology within a 
single neuron, the implications of the various stages for neuronal dysfunction and 
clinical symptoms is far from being understood. Based on our data, it seems 
conceivable, that entrance of ataxin-3 into the nucleus is necessary but not 
sufficient to cause cell toxicity.6,7 Seemingly, additional pathological processes 
are required to elicit cellular toxicity, such as sequestration of components of the 
PQC. Furthermore, it is unlikely that this model describes the only pathological 
pathway at work in SCA3. In the in vitro situation cells displaying only DNS type 
staining degenerate very readily,30 so in all likelihood, our model only observes 
the neurons that mount an initially successful adaptor response, but later in the 
process suffer from PQC dysregulation instead. Also, protein aggregation may act 
independently of the PQC system, e.g. by sequestration of known interactors of 
polyQ proteins and by blockade of axonal transport processes.9,37 Likely, SCA3 
and possibly other protein aggregation diseases exhibit several pathological 
pathways, running in parallel, but mounting cumulative stress on the long lived 
neurons.  

Although the observed patterns were highly reproducible amongst 8 
different patients that all died at different ages, the limitation of our study, is of 
course, that it has been done in post-mortem tissue where we only see the end 
stage situation. Therefore, longitudinal studies in animal models will be required 
to further test our proposed model. Also, it would be interesting to see whether 
such a chain of events also applies to other polyQ diseases (e.g. HD or SBMA), 
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how this compares to some other SCAs that do not exhibit NNI (e.g. SCA2 and 
SCA6), or at what stages the disease process can be reversed. Furthermore, 
since p62 is a well known component of autophagic pathways, an investigation of 
the state of autophagy in human SCA3 tissue would be of interest. What our 
data again stress is that PQC impairment is a major issue in polyQ diseases and 
that, likely due to its chronic nature, these systems are not responsive enough to 
counteract the ongoing, progressive aggregation. Together with the in vitro data 
and data with models systems, this therefore reemphasizes that boosting the 
HSR or components thereof could be of potential clinical relevance.  
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Materials and Methods  

Patients and controls  
Brains of 8 SCA3 patients (4 males, 4 females, mean age at death 61 ± 15 years) and 5 
controls without medical histories of neuropsychiatric diseases (3 males, 2 females, mean 
age at death 56 ± 26 years) (Supplemental Table 1) were analyzed. Informed consent was 
obtained from all patients, in accordance with the Medical Ethical Committee of the 
University Medical Centre Groningen (UMCG) where the autopsies were performed. All 
brains were fixed for 2 weeks in a 4% phosphate-buffered, aqueous formaldehyde solution 
(pH 7.4). Tissue blocks from the lower pons were embedded in paraffin and cut into 5 μm 
thick sections.  
 
Immunohistochemistry  
Sections were deparaffinated and rehydrated with a xylol/ethanol sequence. For antigen 
retrieval, slides were transferred into tris/HCl buffer (pH 9.5), heated 3 x 10 min to 95°C 
(p62 (rabbit), HSPA1A). For p62 (mouse), 1C2, UBB+1, slides were then transferred into 
98% formic acid for 3 min. Endogenous peroxidases were blocked using 0.3% H2O2/PBS 
buffer for 30 min at RT, after which sections were incubated 1h at RT with primary 
antibodies (Supplemental Table 2) diluted in 1% BSA/PBS. Consecutively, the slides were 
incubated with peroxidase conjugated secondary and tertiary antibodies for 30 min at RT. 
After staining with 3,3%-DAB (Sigma, St. Louis, USA), sections were counterstained with 
hematoxylin, dehydrated in ethanol and coverslipped.  

For double immunofluorescent staining, sections were treated with 1% sodium 
borohydrate (Sigma, St. Louis, USA) for 10 min to quench autofluorescence. The slides 
were blocked with 5% normal goat serum (Vector, Burlingame, USA) in PBS containing 
0.03% Triton X-100 (Sigma, St. Louis, USA) for 30 min. Next, sections were incubated at 
4°C overnight with various primary antibody combinations, washed in PBS and incubated 
for 3h at RT with goat anti-mouse Alexa488 (Invitrogen, Carlsbad, USA) and goat anti-
rabbit Cy3 (Jackson Immunoresearch, West Grove, USA) secondary antibodies. For 
additional quenching of autofluorescence, sections were treated with 0.05% sudan black 
solution (Merck, Darmstadt, Germany) for 10 min at RT, washed 8 times in PBS and 
coverslipped with Mowiol (Sigma, St. Louis, USA).  

For quantitative evaluation, 100 neurons per case were scored. Non-parametric, 
statistical tests were performed with the SPSS version 16.0 software package.  
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SSupplementary Figures 

 
Supplementary Figure 1: Scoring reproducibil ity. Relative incidence of a given 
inclusion type as scored by 3 independent researchers. Scoring reproducibility for all 
stainings, 1C2 (A), Ubiquitin (B) and p62 (C), was highly significant (P values < 0.001). 
1C2 and p62, but not ubiquitin staining, (B) showed a distinct distribution of aggregation 
types.    

 
Supplemental Figure 2: DNAJB1 and HSPA1A stainings in healthy and diseased 
brain tissue. Photomicrograph of a positive contrast single staining of the pontine nuclei 
with DNAJB1 (A, B) and HSPA1A (C, D) (DAB staining, brown). There is no discernable 
difference in neuronal staining intensity between healthy (A, C) and diseased tissue (B, D). 
Counterstaining with hematoxylen.   
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Supplemental Figure 3: Co-localization of aggregates with DNAJB1 and 
sequestration of DNAJB1 into the NNI. Fluorescent double staining with the 1C2 and 
DNAJB1 antibodies. The antibody labels the majority (85%) of all NNI (arrowheads). In a 
subset of neurons (6%), DNAJB1 is largely sequestered into the NNI, as can be seen by a 
lower intensity of somatic staining (arrow) compared to other neurons (asterisks).  
  
 

 

Supplemental Figure 4: Co-localization of 1C2 with HSPA1A. Fluorescent double 
staining demonstrates co-localization of aggregates (1C2: green) with HSPA1A (red) in 
the NNI of affected neurons.   
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Supplemental Figure 5. Relative incidence of DNAJB1 sequestration in 
HSPA1A positive neurons. Graphical representation of the frequency of NNI entrapped 
DNAJB1 in relation to the staining intensity of HSPA1A (n=105). 
 

Patient 
Number 

Age at death Gender Disease CAG-
repeats 

1 27 M Control  
2 43 F Control  
3 62 F Control  
4 84 M Control  
5 75 M Control  
6 34 F SCA3 14/77 
7 42 F SCA3 23/75 
8 63 M SCA3 n.d. 
9 67 F SCA3 n.d. 

10 70 M SCA3 23/68 
11 70 F SCA3 14/68 
12 71 M SCA3 24/70 
13 73 M SCA3 28/65 

Supplemental Table 1: Brain materials from control individuals and SCA3 
patients. List of patient number, age at death, gender, diagnosis and CAG repeats, if 
available. Patients 8 and 9 are as of yet not genotyped, but are clinically diagnosed with 
SCA3 and from known SCA3 families. Control patients were without history of 
neurodegenerative or psychiatric diseases.  
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Antibody Clone Donor 

species 
Source Working 

dilution 
AR 

p62 D3 mouse Santa Cruz 1:100 MW+ 
p62  Polyclonal  Rabbit Enzo Lifesci. 1:100 MW- 
1C2  5TF1-1C2-172 mouse  Chemicon  1:3200 MW+ 
Ubiquitin  Polyclonal Rabbit Dako 1:200 None 
UBB+1 Ubi2A (bleeding 

180398) 
Rabbit Van Leeuwen  

Laboratory 
1:100 MW+ 

HspA1A Polyclonal Mouse  Stressgen 1:100 MW- 
HspA1A Polyclonal Rabbit  Abcam  1:100 MW- 
DnaJB1 Polyclonal  Rabbit Stressgen 1:100  MW- 

Supplemental Table 2: Information on the primary antibodies. AR: antibody 
retrieval (None; MW-: microwave 3x 10 min Tris/HCl pH9; MW+: microwave 3x 10 min 
Tris/HCl pH9, followed by 3 min 99% formic acid at RT)   
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Abstract 

There are numerous human diseases that are associated with the formation of 
toxic protein aggregates. Activating the heat shock response (HSR) -and thus 
generally restoring the disturbed protein homeostasis in such diseases- has often 
been suggested as a therapeutic target. Yet, most data on activating the HSR or 
its downstream targets in mouse models of diseases associated with aggregate-
formation have been rather disappointing. However, the human chaperonome 
consists of many more heat shock proteins (HSPs) that are not regulated by the 
HSR. In this review, we summarize the existing literature on a set of aggregation 
diseases and discovered that each of them can be ‘barcoded’ by a different set 
of HSPs, each of which can rescue specific aggregation types. Many of these 
effective HSPs are not regulated by the HSR and some have now also 
demonstrated effectiveness in mouse models. Interestingly, several of these 
‘non-canonical’ HSPs also cause diseases when mutated (so-called 
chaperonopathies), which are also discussed in this review. 
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IIntroduction 

Many heat shock protein (HSP) family members are known to function as 
molecular chaperones, meaning that they stabilize and assist in the correct 
folding of nascent polypeptides.1 In addition to their role in de novo protein 
folding, HSPs are involved in various aspects of proteome maintenance, including 
macromolecular complex assembly, protein transport and degradation, as well as 
aggregate dissociation and refolding of stress-denatured proteins. Under normal 
cellular conditions, HSP levels match the overall level of protein synthesis. Under 
stress-induced conditions, mature proteins unfold and exceed the capacity of 
chaperone networks to prevent aggregation. This type of acute proteotoxic 
stress induces a regulated response resulting in increased expression of some 
HSPs to rebalance protein homeostasis.  
 The human genome encodes for more than 100 different HSPs in 7 different 
families: HSPH (Hsp110), HSPC (Hsp90), HSPA (Hsp70), DNAJ (Hsp40), HSPB 
(small Hsp), the human chaperonin families HSPD/E (HSP60/HSP10) and CCT 
(TRC), plus several regulatory co-factors.2 In terms of their regulation, the HSP 
family members can also be categorized into three groups: 1) constitutively 
expressed, but not induced by stress; 2) constitutively expressed and induced 
upon stress; and 3) induced only upon stress.3 Besides their differential 
regulation, the various HSPs also show a large degree of functional diversities 
with respect to client specificity and client processing.4 These functional 
differences may be very important when investigating their potential relevance 
for diseases in which cells are chronically exposed to proteins that are prone to 
form toxic protein aggregates. Examples of such diseases are polyglutamine 
diseases, Parkinson’s disease, amyotrophic lateral sclerosis and Alzheimer’s 
disease. This review discusses how these diseases can actually be ‘barcoded’ by a 
different set of HSPs that can rescue their disease-specific aggregations. 
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The cellular functions of HSPs 

HSPs and de novo protein folding 
The general organization of co-translational folding is highly conserved 
throughout evolution. Ribosome binding chaperones (e.g., nascent-chain-
associated complex and specialized Hsp70/HSPAs) first interact with the nascent 
polypeptide, followed by a second set of HSPs that do not have a direct affinity 
for the ribosome (the classical Hsp70/HSPA system). The Hsp70/HSPA family is 
the central component of the cellular network of molecular chaperones and 
folding catalysts (Fig. 1A). Hsp70/HSPA proteins are involved in a wide range of 
protein quality control functions (PQC), including de novo protein folding, 
refolding of stress-denatured proteins, protein transport, membrane translocation 
and protein degradation. Hsp70/HSPAs never function alone; they require 
Hsp40/DNAJ proteins and nucleotide exchange factors (NEFs) as partners. DNAJ 
proteins bind and deliver client proteins to the Hsp70/HSPA system, upon which 
the client protein and DNAJ function together thereby stimulating HSPA to 
hydrolyze ATP, leading to high substrate affinity of HSPA. Following ATP-
hydrolysis, NEFs such as BAG-1, HSPBP1 and HSPH, bind HSPA and induce ADP-
ATP exchange, leading to substrate release. DNAJs thus mainly confer client 
specificity to the Hsp70/HSPA machine, but can also affect the fate of HSPA 
clients, whereas NEFs seem to be mainly involved in client fate (Fig. 1A).4,5 The 
DNAJ/HSPA system might also receive clients from small Hsp/HSPB proteins. 
HSPB chaperone activity does not need ATP. However, direct interaction with 
ATP-dependent chaperones like HSPA promotes the release of the bound 
substrate and subsequent refolding.6,7 
 Proteins that cannot be completely folded by Hsp70/HSPA machines are 
transferred to, or handled independently by, the chaperonins or the Hsp90/HSPC 
system (Fig. 1A).8,9 Substrate transfer to Hsp90/HSPC protein is mediated by 
the HSP organizing protein (HOP), which uses multiple tetratricopeptide repeat 
domains to form a bridge between HSPA and HSPC.8,10 While the handoff from 
Hsp70 to chaperonins remains unclear in mammals, work in the prokaryotic 
system has begun to reveal some interesting possibilities. For example, it has 
been shown that Hsp70/DnaK binds the M domain of ClpB to recruit DnaK-bound 
substrates to the chaperonin.11 
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Figure 1. Model of actions and interactions of the HSP network required for 
normal protein folding and refolding upon acute stress (A) or during chronic 
stress (B). A) HSP families constitute a large group of chaperones that interact with 
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non-native proteins, assisting their correct protein folding. HSPs are constitutively 
expressed, but their expression level can increase under stress condition. They are mainly 
divided into five groups: small HSP (HSPB), Hsp70 (HSPA), Hsp90 (HSPC) and chaperonin 
families HSP60/HSP10 (HSPD/E) and TRiC (CCT). During de novo protein folding and for 
the refolding of stress-denatured, unfolded proteins, the functional cooperation of 
different HSPs is primarily aimed at the structural stabilization of native proteins for 
(re)folding, but –in case of failure- also can assist client degradation through the Ubiquitin-
Proteasome System (UPS) or the autophagy-lysosome pathway. The central component of 
the chaperone network and folding catalysts is the Hsp70/HSPA family. DNAJs hydrolyze 
ATP (bound to HSP70/HSPA) to ADP increasing the affinity of its substrate-binding 
domain for unfolded proteins. Nucleotide exchange factor (NEF) proteins remove ADP and 
substitute ATP, reducing HSP70/HSPA’s substrate binding affinity, allowing release of the 
folded protein. Proteins that are unable to utilize HSPAs for folding are transferred to the 
chaperonin or the HSPC system.  B) In case of chronic stress, due to expression of 
misfolded proteins, folding attempts might be particularly unsuccessful and a HSP network 
that rather functions in protein unfolding, disaggregation, and specific targeting of the 
mutant, misfolded or even aggregated proteins for degradation is required. 
 
HSPs and acute proteotoxic stress conditions 
Cells are constantly challenged by a variety of changes to their environment. 
Acute stress conditions, such as heat shock, cause many proteins to become 
unfolded. The accumulation of stress-denatured proteins increases the risk of 
aggregate formation. In addition to their role in co-translational folding, the 
constitutively expressed HSP members might also assist in aggregate protection 
and refolding of stress unfolded proteins (Fig. 1A). However, it has been shown in 
yeast that the stress-inducible cytosolic members of the families, which are 
strongly upregulated by heat shock factor-1 (HSF-1), become more important 
under such conditions.12 Next to this transcriptional response, HSPB proteins 
represent an even more rapid response to environmental stresses (Fig. 1A). 
Several HSPB-members are rapidly and transiently phosphorylated, whereby their 
oligomeric state is dynamically altered and their protective activities are 
activated. These protective activities include prevention of cytoskeletal collapse 
and chaperoning of soluble proteins, which can enhance protein refolding or 
support client degradation.7  
 In parallel to the HSF-1 regulated heat shock response (HSR) in the cytosol, 
interconnected pathways in different cellular compartments also respond to 
acute cellular stress, including the unfolded protein response (UPR) in the 
endoplasmic reticulum and the mitochondria.13–15 Each pathway not only induces 
the transcriptional up-regulation of genes that enhance refolding capacity but 
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also the expression of HSP members assisting in degradation of unfolded proteins 
through the proteasome and lysosome-mediated pathways, together protecting 
cells from stress.13–16 
 
HHSPs and chronic stress conditions 
Protein aggregation hallmarks a high number of chronic diseases17 that can either 
be loss-of-function or toxic gain-of-function disorders. Loss-of-function diseases, 
including cystic fibrosis and Gaucher’s disease, are typically caused by recessive 
mutations leading to inefficient folding of the mutated proteins and their 
consequent degradation or dysfunction (Fig. 1B).18 Of note, in recessive 
diseases, the HSF-1-regulated HSPs can promote some refolding of (metastable) 
mutant proteins, thereby displaying disease-rescuing potential.19 In addition, 
chaperone inhibition, resulting in less recognition of the mutant peptides and 
their degradation, has been shown to be protective in such diseases.20 Toxic 
gain-of-function diseases, on the other hand, are often manifested by the 
formation of intracellular and/or extracellular deposits of aggregated proteins, as 
will be further discussed below.3,17,21 These aggregates are often fundamentally 
different from those formed during acute stress as they initially are formed 
without being sensed by the (acute) stress responses in the cells. Moreover, 
unlike in response to acute stress where proteins are unfolded, proteins in chronic 
stress are intrinsically misfolded and can generally not be refolded but must be 
disposed of (Fig. 1B). This could imply that different HSPs might be crucial –or 
rate limiting- for the protection in chronic diseases than for acute stress. Below, 
we will focus on toxic gain-of-function diseases and provide an overview of the 
literature on HSPs that could prevent aggregation or/and toxicity of the disease-
associated proteins. Because we aim to identify HSPs that might be rate-limiting 
factors for aggregate prevention and thus targets for intervention in these 
diseases, we will mainly discuss effects of HSP-overexpression and not include 
studies on down-regulation of HSPs. On the contrary, HSP down-regulation is 
often associated with toxicity and lethality and can result in disease itself (Table 
1). In addition this review therefore will provide an overview on aggregation 
diseases that are caused by mutations in HSPs, thereby illuminating the ‘barcode’ 
for the role of HSPs in chronic aggregation diseases from two sites: the 
prevention of toxic gain-of-function diseases and their role in causing disease 
themselves. 
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HSPs and proteinopathies 
There are numerous human diseases that are associated with the aggregation of 
a single dominant peptide or protein. Examples of such diseases include 
proteinopathies such as polyglutamine diseases, Parkinson’s disease, amyotrophic 
lateral sclerosis, and Alzheimer’s disease. The monogenic forms of 
neurodegenerative proteinopathies are rare, and are generally histopathologically 
indistinguishable from their corresponding sporadic forms, making it likely that 
both forms share a final common pathway. Protein aggregates are either found 
inside (e.g. tau tangles) or outside neurons in the extracellular space (e.g. 
amyloid-β-plaques in AD).  

Aggregates are caused by proteins that become destabilized either by 
mutations changing their native state (e.g. SOD1 in ALS) or quantity (α-
synuclein), by the elongation of a certain domain (e.g. huntingtin), or by domain 
truncations (TDP-43). Aggregates range from extremely dense amyloidogenic 
aggregates with β-sheet cores (huntingin, ataxin-3, amyloid-β) to more 
amorphous aggregates (α-synuclein, SOD1, TDP-43). While it is still debated 
whether the small oligomers or the large inclusions are more toxic, the overall 
evidence from model systems strongly suggests that aggregate prevention 
generally results in disease-amelioration. Therefore, this review focuses on 
aggregate prevention by HSPs and will reveal that each of these proteinopathies 
shows a different ‘signature’ or ‘barcode’ of rescue depending either on the HSR 
or individual HSPs. Such a ‘barcode’ provides a platform for a rational design of 
disease-specific therapeutic strategies. For each disease, evidence was 
categorized into 4 levels (Fig. 2): in vitro (lowest level), cell studies, non-
mammalian model systems and mammals (highest level). Furthermore, evidence 
in Fig. 2 was graded according to their specific effects: prevention of aggregate 
formation (black), buffering of toxic effects caused by diseased protein (gray), 
and absence of protective effects (white). 
 
Polyglutamine diseases (polyQ) 
In polyQ diseases, the polyglutamine tract is elongated beyond a certain 
threshold. The transcribed polyQ peptide fragments are thought to be the 
initiators of amyloid fibrils and have a strong propensity to assemble into highly 
ordered polymers extremely rich in β-sheet structure, thereby creating SDS 
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insoluble aggregates.22,23 PolyQ expansions in huntingtin (Htt), ataxins, and in the 
androgen receptor (AR) have been associated with mainly dominant, late onset, 
toxic gain-of-function diseases, such as Huntington’s disease (HD), 
Spinocerebellar ataxias (SCA) and Spinal bulbar muscular atrophy (SBMA). All 
these diseases are associated with severe motor problems and/or muscle 
atrophy.23–26 Both age of onset and protein aggregation propensity are strongly 
associated with the length of the polyQ expansion, further suggesting that 
aggregate formation is at the basis of disease.22,27 
 In cells and non-mammalian model organisms, activation of the acute HSR 
pathways often reduced the extent of polyQ aggregation. Overexpression of HSF-
1 usually lead to fewer but larger polyQ aggregates in cells.28 In agreement with 
this finding, chemical up-regulation of the HSR in cells and non-mammalian animal 
organisms reduced a number of dysfunctions caused by polyQ overexpression 
(Fig. 2). Although overexpression of HSF-1 in muscle tissue of the R6/2 mouse 
model for HD increased life span, there were only small effects on aggregates,29 
implying that effects were compensatory and did not affect the underlying toxic 
gain-of-function. Chemical up-regulation of the HSR by the use of Hsp90/HSPC-
inhibitors in the R6/2 mouse model lead to transient beneficial effects, which 
disappeared during disease progression.30 Moreover, Hsp90/HSPC-inhibition lead 
to accelerated degradation of soluble polyQ-Htt, which was apparently 
independent of HSR activation, but was most likely due to pleiotropic effects 
associated with the inhibition of Hsp90/HSPC instead.8,9,31 Whereas injection of 
HSF-1 into an SBMA-mouse model resulted in only small effects in neurons, 
Hsp90/HSPC inhibition by 17-AAG, GGA and geldanamycin (GA) not only 
substantially increased life span, but also diminished aggregates (Fig. 2). 
Hsp90s/HSPCs are required for the degradation, regulation, ligand binding affinity 
and stabilization of the AR as well as for its’ trafficking.32 The strong effects of 
Hsp90/HSPC-inhibitors on SBMA -but not HD- therefore suggest that HSF-1-
activation and thereby up-regulation of the HSR is insufficient to modulate polyQ 
diseases in general. Protective effects of Hsp90/HSPC-inhibitors, if found, are 
therefore most likely due to HSF-1 unrelated effects.31 
The up-regulation of individual members from HSF-1-regulated HSP families (e.g. 
HSPA1A, DNAJB1, HSPB1) was effective in preventing polyQ aggregation or the 
associated toxicity in vitro and in cellular models (Fig. 2). However, in 
comparative screens using larger polyQ expansions the HSR-regulated HSPs were 
usually rather ineffective as compared to non-canonical HSPs.33–35 Some effects 
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of Hsp70/HSPA overexpression on polyQ toxicity were reported in Drosophila 
melanogaster (Fig. 2). However, these effects were not associated with 
aggregate reduction, suggesting that the observed protection was due to 
compensation of effects downstream of aggregate formation, as for instance the 
loss of normal protein quality control functions due to entrapment of key 
chaperones, such as DNAJB1.36 Yet, this loss of protein quality control is 
apparently not at the heart of disease in mammals, as restoration of protein 
quality control by HSP70 overexpression did not delay diseases-progression in the 
R6/2 Huntington mouse model.37,38 The same is true for the canonical small Hsp 
HSPB1.39 Although an earlier report suggested a small delay of Htt-toxicity in 
R6/2 mice, HSPB1 was rather inefficient in delaying aggregation in cells and 
might thus have some compensatory effects that slightly delay disease in simple 
model organisms but are insufficient in mammals (Fig. 2). 
 In dedicated screens for members of the HSP families that might be better 
suppressors of polyQ aggregation, a number of very effective HSPs were 
identified (DNAJB2, DNAJB6, DNAJB8, HSPB6, HSPB7, HSPB8, HSPB9). 
Interestingly, most of them were not, or only marginally regulated by HSF-1 and 
were not effective in stimulating substrate-refolding after an acute stress.33–35,40 
Instead, these HSPs were associated with degradation of clients through the 
proteasomal and autophagic degradation routes. Moreover, whereas DNAJB6, 
HSPB7, and HSPB8 delayed aggregation in drosophila, DNAJB2 was the first HSP 
that demonstrated a protective effect on aggregate formation, functional 
endpoints, and survival in mice (Fig. 2). Interestingly, our preliminary data 
regarding transgenic overexpression of DNAJB6 indicate even larger protective 
effects in the R6/2 mice.41 The effectiveness of these non-canonical HSPs in 
cells, non-mammalian model organisms and mice might be related to their ability 
to prevent initiation of aggregate formation or to their ability to assist aggregate 
clearance through autophagy, a finding which would be consistent with the 
distinguished role autophagy plays in proteinopathies.6,33,42–44 
 In a nutshell, the HSR and individual HSF-1-regulated HSP members have 
marginal and mainly compensatory effects in polyQ diseases. In contrast, other 
members of the HSP families that can prevent aggregate initiation or dispose of 
aggregates might have potential as targets for therapy in polyQ diseases. 
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Figure 2 references: 1140, 2141, 3142, 4143, 5144, 6145, 738, 8146, 9147, 10146, 11148, 1240, 13149, 1435, 
15150, 1634, 1741, 1832, 19151, 20152, 21153, 2239, 23122, 24154, 256, 2633, 27155, 2829, 2928, 3030, 
31156, 32157, 33158, 34159, 35160, 36161, 37162, 38163, 39122, 40164; 41) Chan et al., 2000 165, 42166, 
43167, 44168, 45169, 46170, 47171, 48172, 49173, 50174, 51175, 52176, 53177, 54178, 55179, 5652, 57180, 
58181, 59182, 60183, 6150, 6251, 63184, 64185, 65186, 66187, 67188, 68189, 69190, 7065, 7164, 72191, 73192, 
74193, 7587, 7667, 7766, 78194, 79195, 8062, 8163, 8261, 83196, 8460, 85197, 86198, 87199, 8875, 89200, 
9072, 9176, 9271, 93201, 9470, 95202, 96203, 97204, 98205, 99206, 10079, 10178, 102207, 103208, 104209, 
105165, 106210, 107211. 
 
Parkinson’s disease (PD) 
About 5-10% of PD cases are monogenic and can either result in a loss-of-
function or a toxic gain-of-function. The most commonly occurring disease-
causing mutations are in the mitochondria-associated genes Parkin (PARK2), 
PINK1(PARK6), and DJ-1 (PARK7).45–48 Mutations in these genes are recessively 
inherited and usually result in a loss-of-function affecting mainly mitochondrial 
function and turnover. On the contrary, a toxic gain-of-function phenotype 
resulting in PD is caused by rare dominantly inherited mutations and 
multiplications in the SNCA (PARK1, PARK4) and LRRK2 (PARK8).45,46,48 This 
review will focus on these rare toxic gain-of-function mutations.  
 Mutations in or multiplications of SNCA lead to increased oligomerization of 
its transcript α-synuclein, which is an intrinsically disordered protein. This 
enhanced oligomerization increases the tendency of α-synuclein to form β-sheet 
structures and eventually fibrous amyloidogenic inclusions, called Lewy bodies 
and Lewy neurites.45,47,49 LRRK2 is a kinase that is involved in the 
phosphorylation of α-synuclein. Mutations in LRRK2 are thought to promote α-
synuclein expression, aggregation, and toxicity, thereby increasing the propensity 
of α-synuclein to self-aggregate.46,47  
 Like in polyQ diseases, genetic or chemical activation of HSF-1 can 
temporarily compensate for LRRK2 and α-synuclein toxicity in cells and drosophila 
(Fig. 2).  

Although individual HSPs such as DNAJA1, DNAJB2, HSPB2/HSPB3, HSPB6 
and HSPB8 inhibited α-synuclein aggregation in vitro, none of them were proven 
to be effective in cells yet (Fig. 2). HSPB1 and HSPB5 were effective in 
preventing α-synuclein aggregation in vitro, in cells and in drosophila, but were 
never reported to be successful in mice. The overexpression of only HSPA1 could 
inhibit α-synuclein aggregation in vitro, and decrease α-synuclein toxicity in cells 
and in drosophila. HSPA1 overexpression in mice did show some protective 
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effects, however the data is still disputed (Fig. 2).50,51 Like it is the case for 
polyQ diseases, neither Hsp70/HSPA1, nor any other canonical HSP could prevent 
aggregate formation or reduce aggregate size and quantity.  

All this data taken together would suggest that compensation for loss of 
normal protein quality control by sequestration of HSPs into aggregates plays a 
more important role in PD than it does in polyQ diseases. In line with this notion, a 
study on α-synuclein in mice showed that transgenic overexpression of HSPA5 
delayed disease onset without affecting cytosolic protein aggregation. Since 
HSPA5 is an ER-resident Hsp70/HSPA and is not expressed in the cytoplasm of 
the cell, its mode of action must be indirect. Instead of directly affecting 
aggregate formation, HSPA5 most likely compensates for downstream 
consequences of aggregation and thereby delays disease onset.52 
 To conclude, the biophysical nature and intracellular localization of α-
synuclein aggregates are clearly different from aggregates in polyQ diseases.26,53 
Expression of (mutant) α-synuclein rapidly activates HSF-1, whereas polyQ 
expression either does not activate HSF-1 at all, or only transiently and very late 
in disease.26,53 The potential HSP suppressors of PD thus seem to differ from that 
of polyQ diseases, thereby resulting in a different HSP barcode for potential 
treatment targets (Fig. 2). 
 
AAmyotrophic lateral sclerosis (ALS) 
About 5% of ALS cases are currently categorized as dominant monogenic ALS; 
the most commonly occurring mutations being in SOD1, TDP-43, and FUS.54,55 
Clinically, sporadic and monogenic ALS are nearly indistinguishable, as SOD1 and 
TDP-43 positive inclusions are present in both forms of disease, thereby implying 
a final common pathway.56 About 166 mutations in SOD1 have been associated 
with monogenic ALS. Although SOD1 mutations were initially thought to cause 
disease via a loss of wild-type SOD1 function, SOD1-knockout mice displayed no 
phenotype.57 Instead, the overexpression of mutant SOD1 lead to disease, hence 
implying that the mutant gained a toxic function.54,58 Mutations in SOD1 indeed 
structurally destabilize the protein, thereby increasing its aggregation propensity, 
which eventually results in amyloid fibril-formation.59 Mutations in TDP-43, a RNA 
processing protein usually shuttling between the nucleus and cytoplasm of the 
cell, render the protein aggregation-prone, which leads to the formation of dense 
round or filamentous aggregates in the cytoplasm alongside stress 
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granules.54,55,59 Mutations in FUS, another protein involved in RNA metabolism, 
also result in large globular and elongated cytoplasmic inclusions.54,55 
Nevertheless, FUS-related ALS is defined as an atypical form because TDP-43 
positive aggregates are not part of the pathology, which is why this review will 
not discuss this FUS-related ALS. 
 Treatment of drosophila with the Hsp90/HSPC-inhibitor 17-AAG reduced the 
eye-degeneration-phenotype in a TDP-43-model.60 In addition, treatment of the 
SOD1-G93A mouse model with 17-AAG not only delayed age of symptom onset, 
but also increased life-span.61–63 However, these protective effects were not 
reproducible in the SOD1-G37R or the SOD1-G85R mouse model.23,64 These 
contradictive results indicate that protein aggregation and toxicity mechanisms 
might depend on the exact kind of mutation, and therefore result in a different 
barcode of HSPs for each SOD1-mutation.  
 Regarding the effects of individual HSPs on SOD1 aggregation and toxicity, 
data in cell lines expressing mutant SOD1 suggest protective effects of HSPA1, 
DNAJB1, DNAJB2, HSPB1 and HSPB8 (Fig. 2). Furthermore, HSPB8 alleviated 
TDP-43 aggregation and toxicity in cells and HSPA1A reduced TDP43-associated 
eye degeneration in drosophila (Fig. 2). The intracranial injection of SOD1-G93A 
mice with HSPA1 was also protective, whereas long-term effects of HSPB1 
overexpression in mice were absent, although this is disputed.64–67  

To conclude, except for the aforementioned Hsp90/HSPC-inhibitors, none 
of the discussed HSPs resulted in long-term rescue or had direct effects on 
SOD1-aggregates (Fig. 2). Moreover, it is not clear whether the effects of the 
Hsp90/HSPC-inhibitors are due to the elevation of HSF-1-regulated HSPs, or 
whether they are due to the broad effects these inhibitors exert on cell 
homeostasis. In summary, the barcode of HSPs that protect against ALS is still 
very limited. 
 
Alzheimer’s disease (AD) 
The most commonly occurring form of AD is sporadic late onset AD. In contrast, 
only about 1-2% of AD cases display an early onset and are due to autosomal 
dominant mutations in amyloid precursor protein (APP), presenilin 1 (PSEN1), or 
presenilin 2 (PSEN2) (Guerreiro et al., 2012). Although intracellular tangles, 
consisting of hyperphosphorylated tau and extracellular amyloid-β (Aβ) plaques 
are present in both sporadic and monogenic AD, it is still unclear how toxicity in 
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AD proceeds. It is disputed as to whether amyloid-β aggregation leads to cellular 
stress and results in tau-hyperphosphorylation and aggregation (Amyloid cascade 
hypothesis), or tau-hyperphosphorylation and aggregation precede amyloid-β 
accumulation (tau-axis-hypothesis).68 Here, we will provide an unbiased summary 
on the effects of HSPs on both, Aβ- and tau-related aggregation. 
 Amyloid-β peptides are the result of APP-cleavage via one of two pathways: 
a non-amyloidogenic pathway that leads to the generation of Aβ40, or an 
amyloidogenic pathway that results in the generation of Aβ42.69 AD-related 
mutations in APP usually affect the ratio or properties of these different amyloid-
β species.69 Similarly, mutations in PSEN1 and PSEN2, which are rate-limiting 
components of the g-secretase complex in the amyloidogenic pathway, result in 
increased generation of the more fibrillogenic Aβ42.68,69  

HSF-1-injection into an APP rat model increased neuronal health and 
reduced Aβ plaque-load,70 similarly, genetic overexpression of HSF-1 in APP mice 
diminished soluble Aβ-levels In line with these findings, treatment of APP-mice 
with the HSF-1 activator celastrol slightly decreased Aβ-plaque load (Fig. 2).  
  In vitro, it was shown that HSPA1 and HSPA5, HSPC1, HSPA1/DNAJB1, as 
well as HSPB1, HSPB5, HSPB6 and HSPB8 slow down Aβ-aggregation (Fig. 2). 
Furthermore, purified DNAJB1, HSPB1, HSPB5 and HSPB8 protect cells from 
extracellular Aβ-toxicity when co-incubated.71,72 However, considering that HSPs 
are intracellular proteins, whereas Aβ-plaques are generally considered to be 
extracellular, the relevance of such findings could be debated. Interestingly, 
evidence stating that intracellular Aβ-aggregation might precede extracellular 
plaque formation is accumulating, which increases the relevance of findings 
indicating that HSPs are able to prevent the initiation of aggregation in cells.73,74 
Although there is no cellular data available yet, these findings might explain why 
transgenic overexpression of HSPA1 and HSPB1 had protective effects in mouse 
models for Aβ.75,76 However, it is questionable whether Aβ-aggregation was 
directly affected by HSPA1 overexpression in transgenic mice, or whether the 
observed protective effects were due to more general compensatory effects of 
HSPA1.75  
 Another protein that has been associated with neuronal death in AD is tau. 
Tau is an unstructured and dynamic protein that is normally involved in 
stabilization of microtubules, but becomes hyperphosphorylated and detaches 
from microtubules under stress conditions. This detachment results in 
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microtubular collapse and in the aggregation of tau into well-ordered and periodic 
protein deposits.68,77  

In cells, the HSF-1 activator HSF1A reduced tau aggregation by increasing 
proteasomal degradation of tau.78 Likewise, Hsp90/HSPC directed drugs, like 
geldanamycin, enhanced clearance of tau from cells, thereby reducing its toxicity 
(Fig. 2). Moreover, the HSF-1 activator radicicol and the GA derivative 17-AAG 
alleviated tau toxicity in drosophila larvae (Fig. 2).  
 Multiple HSPs alleviated tau toxicity in cells, including HSPA8, HSPA1, 
Hsp90s/HSPC, DNAJA1 and HSPB1 (Fig. 2). In addition, HSPB1 rescued 
behavioral defects in a mouse model for tauopathy.79 However, there are no 
studies investigating the role of the other HSPs in mammals available yet.  

To conclude, interpreting the data about the effects of HSPs on AD needs 
to be done with great caution for two main reasons: Firstly, it is not yet known 
whether AD is initiated by intracellular (tau or Aβ) or extracellular (Aβ) 
aggregates. Secondly, although extracellularly added or leaked HSPs might affect 
toxicity of Aβ-plaques, it is still unclear how intracellular overexpression of HSPs 
can have direct effects on toxicity in AD, thereby limiting proper interpretation of 
the barcode of HSPs for AD. 
 
Different aggregation diseases have a different HSP barcode 
Although all diseases discussed here are toxic gain-of-function aggregation 
diseases, the barcode of HSPs with protective potential clearly differs depending 
on the disease (Fig. 2). This variability strongly suggests that the 
neurodegenerative proteinopathies discussed in this review are biochemically and 
biologically distinct. Since all proteinopathies might impede on overall protein 
homeostasis, simply rescuing the overall folding capacity by activation of the 
complete (acute) HSR (Fig. 1A), or expression of individual components thereof 
might lead to some protective effects. However, these effects are generally small 
and transient, and do not actually affect aggregate formation of the specific 
diseased proteins themselves. Instead, the effects of the HSR might compensate 
for entrapment of chaperones and/or other components into aggregates (e.g. 
certain crucial transcription factors). The underlying toxicity of the aggregates 
themselves is likely to go beyond these effects on protein homeostasis and will 
furthermore directly impair other functions, such as axonal transport, organelle 
dynamics (physical obstruction or cytoskeletal collapse) and membrane integrity. 
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Assuming that aggregation indeed is the reason for toxicity in all these diseases, 
each proteinopathy requires specific HSPs that either directly prevent 
aggregation (initiation) or that recognize early aggregate intermediates and 
target these for degradation. These HSPs are likely to be found amongst the 
“non-canonical HSPs”, many of which have not been fully explored yet for each of 
these diseases. 

 

CChaperonopathy: The case of “Sick” HSPs 

So far we have highlighted how HSPs might act as a first line of defense in 
preventing proteinopathies. Sometimes however, HSPs themselves are mutated, 
leading to several pathological conditions, termed chaperonopathies.80–82 
Although the term chaperonopathy was initially used to include any putative 
alteration in the expression, post-translational modifications or localization of 
chaperones, this review will only discuss genetically inherited mutations in the 
HSPs that are the direct causative factor to a specific disease (Table 1).  
 

Family Mutation Inheritance Disease 
Chaperone 
mediated 

rescue 
Refs. 

Hsp60/HSPD 
SPG13 

 
V72I in SPG13; 
Chromosome 

2q33.1; 
c.292G > 
A/p.V98I 

Dominant Hereditary Spastic 
Paraplegia 

NV Bross et al., 
2008; Hansen 
et al., 2002 

mitHSP60 D29G Recessive Hypomyelinating 
leukodystrophies 
(HMLs); MitCHAP-
60 disease 

NV Magen et al., 
2008 

CCT/TRiC 

CCTγ/MKKS 
 

20p12 in 
MKKS gene; 

H84Y, A242S 

Recessive McKusick-Kaufman 
Syndrome (MKS) NV Stone et al., 

2000 
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CCT/MKKS 
 

MKKS locus 
BBS6, BBS10, 

BBS12 

Recessive Bardet- Biedel 
Syndrome (BBS) 
 

NV Stone et al., 
2000; 
Katsanis et al., 
2000; 
Slavotinek et 
al., 2000; 
Stoetzel et 
al.,2006 

CCT 
delta/MKKS 

 

C450Y in CCT 
delta 

Recessive Hereditary Sensory 
Neuropathy (HSN): 
Charcot-Marie-
Tooth (CMT), 
Hereditary Motor & 
sensory neuropathy 
(HMSN) 
 

NV Lee et al., 
2003 

Hsp40/DNAJ 
DNAJB2 (HSJ1) Splice 

mutation in 
HSJ1 gene 

Recessive Distal Hereditary 
Motor Neuropathy 
(dHMN) 

NV Blumen et al., 
2012 

DNAJB6 F93L, F89I, 
P96R 

Dominant Limb-Girdle 
Muscular Dystrophy 
type 1D (LGMD1D) 

NV Sarparanta et 
al., 2012; 
Harms et al., 
2012 

DNAJC5 c.346_348 
delCTC, 

c.344T>G; 
pLeu116del, 
pLeu115Arg 

Dominant Autosomal 
dominant-adult-
onset  neuronal 
ceroid 
lipofuscinoisis 
(ANCL) or Kuf’s 
disease 
 

NV Noskova et al., 
2011; Velinov 
et al., 2012; 
Cadieux-Dion 
et al., 2013 

DNAJC6 p.Q734X; 
c.801-2 A−>G 

Recessive Juvenile 
Parkinsonism 

NV Edvardson et 
al., 2012; 
Köroğlu et al., 
2013 

DNAJC19 IVS3-1GRC; 
c.300delA 

Recessive Dilated 
cardiomyopathy 
with ataxia 
(DCMA) 

NV Davey et al., 
2006; Ojala et 
al.,2012 

DNAJC29 c.3484 G>T, 
p.E1162X; 

c.11,707C>T,
p.R 3903X in 

SACS; 
T3702A 

Recessive Spastic ataxia of 
Charlevoix-
Saguenay 
(ARSACS) 

NV Bouchard et 
al., 1998; 
Engert et al., 
2000; Bouhlal 
et al. 2011; 
Gregianin et 
al., 2013 
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SSmall Hsp/HSPB 
HspB1 P39L,G34R, 

E41K,G84R, 
L99M,R127W, 
S135F,R136W, 
R140G,K141Q, 
T151I,S156Y,T
164A,T180I, 

P182L,R188W, 
476_477delCT, 

pGln175X 

Dominant; 
Recessive (L99M) 

Williams 
Syndrome; 
Charcot-Marie-
Tooth Disease 2 
(CMT2), Distal 
Hereditary Motor 
Neuropathy 
(dHMN) 
 

HspB8 mediated 
rescue for 

P182L 
mutation* 

*Carra et al., 
2010; 
Boncoraglio et 
al., 2012; 
Datskevich et 
al., 2012 

HspB3 R7S 
 

Recessive Motor 
Neuropathy (MN) 

NV Kolb et al., 
2010 

HspB4 W9X,R12C, 
R21L,R49C, 
R54C,F71L, 
G98R,R116C 

 

Dominant/ 
Recessive (W9X) 

Autosomal 
dominant 
Congenital 
Cataract (ADCC) 
 

NV Boncoraglio et 
al., 2012 

HspB5 R11H,P20S, 
450delA, 

R69C,D109H, 
D140N,A171T, 

R56W, 
c.343delT, 

R120G,Q151X, 
G154S,R157H, 

464delCT 

Dominant/ 
Recessive 
(R56W) 

Congenital 
Cataract, 
myofibrillar 
myopathy, 
Dilated 
cardiomyopathy, 
Desmin related 
myopathy 
 

HSPB1, BAG3, 
HSPB8 mediated 

rescue** 

Boncoraglio et 
al., 2012;  
**(Zhang et 
al., 2010; 
Hishiya et al., 
2011; Raju & 
Abraham, 
2013) 

HspB8 K141E, K141N, 
K141T 

Dominant 
 

Distal Hereditary 
Motor 
Neuropathy 
(dHMN), 
Charcot-Marie-
Tooth Disease 2 
(CMT2) 

NV Irobi et al., 
2004; Tang et 
al., 2005; 
Nakhro et al., 
2013 

TTable I : Chaperonopathies                   NV: Not verified 
 
Genetic chaperonopathies described so far only concern members of the HSPB, 
DNAJ and chaperonin families, as well as some chaperone co-factors (Table 1). 
No genetic chaperonopathies are associated with the Hsp70/HSPA or 
Hsp90/HSPC family members, either because of functional redundancy within 
these families or because they are crucial to the central chaperone machinery 
such that functional mutations are incompatible with life.  
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Figure 3. Overview of Chaperonopathies caused by mutations in Heat Shock 
Proteins. Summary of HSPs for which mutations are described that lead to either 
recessive (grey boxes) or dominant (black boxes) chaperonopathies categorized in 
Neuropathy, Myopathy or Retina related diseases (Cataracts). The mutations in HSPs 
involved in both recessive and dominant diseases have been shaded with both colors (grey 
and black).  
h-SP: Hereditary-spastic paraplegia; dHMN: Distal Hereditary Motor Neuropathy; MN: Motor 
Neuropathy; DCM: Dilated Cardiomyopathy; MFM: Myofibrillar Myopathy; LD: 
Leukodystrophy; MD: Muscular Dystrophy; CC: Congenital Cataract; DT: Dystrophy; CMT2: 
Charcot Marie Tooth Disease 2. 
  
Disease-wise, genetic chaperonopathies can be categorized into neuropathies 
(hereditary spastic paraplegia, motor neuropathy, distal hereditary motor 
neuropathy), myopathies (dilated cardiomyopathy leukodystrophy, desmin 
related myopathy, mitochondrial myopathy, muscular dystrophy), or retina and 
eye lens related diseases (congenital cataracts).81 Although some 
chaperonopathies are recessive (and thus probably related to loss-of-function of 
the chaperone), most were found to be dominant, as is especially the case for 
the HSPBs (Table 1). We have “barcoded” these HSP-associated 
chaperonopathies depending on their disease type and inheritance (Fig. 3). 
 
Hsp60/HSPD and TRiC/CCT related chaperonopathies  
A mutation in the Hsp60/HSPD chaperone system has been linked to an 
autosomal dominant disease known as hereditary spastic paraplegia 13 (SPG13). 
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The mutation V72I leads to reduced chaperonin activity, which can be attributed 
to haploid insufficiency due to incorporation of functionally deficient Hsp60/HSPD 
subunits.83,84 Another chaperonopathy involving Hsp60/HSPD is a recessive 
mitCHAP-60 disease, where mutations lead to entropic destabilization of the 
Hsp60/HSPD oligomer and causes its premature disassembly. This renders 
Hsp60/HSPD incapable to fulfill its normal function and thus results in disease.85  

The Hsp60/HSPD complex resides in mitochondria, however a comparable 
eukaryotic chaperonin system known as TRiC/CCT is present in the cytosol and is 
mainly involved in tubulin and actin folding. Mutations in TRiC/CCT subunits might 
affect its complex formation and thereby its ability to bind and fold tubulin and 
actin. As cytoskeletal integrity is crucial in axonal transport, this might explain 
why such mutants primarily affect functionality of long axons thus leading to 
sensory neuropathies.86  
 
DDNAJ related chaperonopathies 
There are four recessive chaperonopathies associated with members of the DNAJ 
family (Table 1). The first one concerns a DNAJB2 mutation that causes Distal 
Hereditary Motor Neuropathy (dHMN) due to progressive degeneration of motor 
neurons in the spinal cord.87 DNAJB2 has several clients and possesses 
degradation-related functions.88,89 The DNAJB2 (splice) mutant has lost its ability 
to handle its natural clients, which therefore eventually aggregate and form 
intracellular inclusions.87 

The second recessive disease caused by mutations in DNAJ concerns 
DNAJC29. DNAJC29-mutations lead to cerebellar ataxia with peripheral 
neuropathy referred to as ARSACS.90 Although the normal function of DNAJC29 
is not well understood, roles in mitochondrial dynamics and in recruitment of 
HSPA for the mediation of ataxin-1 degradation have been suggested.91,92 In turn, 
a recently found ARSACS causing mutation (T3702A) resides in the ubiquitin-
binding domain of this protein.93 However, also mutations outside this domain can 
lead to disease, of which it is yet unclear if/how this could lead to loss-of-
function. 

Mutations in DNAJC19 have been identified to cause an autosomal 
recessive cardiomyopathy.94,95 DNAJC19 normally plays a crucial role in 
mitochondrial import,96 implying that deficiency causes disease via mitochondrial 
defects. 
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More recently, mutations in DNAJC6 were found to be associated with 
juvenile-onset Parkinsonism.97,98 DNAJC6/Auxilin is a neuron-specific protein 
which assists Hsc70/HSPA8 in mediating clathrin-coated vesicle disassembly and 
thus plays a role in synaptic vesicle recycling.99,100 Mutations in DNAJC6 are 
predicted to lead to a truncated version of the protein, which fails to support 
Hsc70/HSPA8 in its normal function. 
 Next to these recessive diseases, two DNAJ-related chaperonopathies are 
dominantly inherited (Table 1) and could either cause disease through 
haploinsufficiency, by dominant negative effects or via a toxic gain-of-function. 
Mutations in DNAJB6 are associated with limb-girdle muscular dystrophy type 1D, 
all of which are found in the glycine-phenylalanine region (G/F). The molecular 
mechanism underlying the disease has been suggested to be due to a loss-of-
function, resulting in protein accumulations and autophagic pathology in muscle 
fibers.101,102 This reduced chaperone function might be due to haploinsufficiency, 
but as DNAJB6 is present in cells as polydispersed complexes, mutants might also 
exert dominant negative effects on the wild-type protein.  

Mutations in DNAJC5 cause an autosomal dominant neurodegenerative 
disease, named Kuf’s disease or adult onset neuronal ceroid lipofuscinoisis. 
Normally, DNAJC5 is found in synaptic vesicles and involved in polymerization of 
dynamin.103 Dysfunction of DNAJC5 due to mutations in the crucial lysine position 
leads to its reduced palmitoylation and hence abnormal sorting and localization of 
DNAJC5 with ER and Golgi markers.104 This leads to decreased levels of DNAJC5 
in the brain of diseased individuals, meaning that the disease is most likely caused 
by haploinsufficiency. 
 
HSPB related chaperonopathies 
Mutations in several members of the HSPB family, irrespective of the member 
involved, are found in highly conserved amino acid residues or in the α-crystallin 
domain, which specifies this family of HSPBs.6 The α-crystallin domain is required 
for intra/inter-molecular interactions and the stabilization of homo- and hetero-
oligomer formations of the HSPB members. As HSPBs are highly expressed in 
muscles and have a role in cytoskeleton stability,105,106 mutations usually affect 
the cells axonal transport (neurological and sensory disorders) and contractile 
functions (muscular disorders).  
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The presence of many of the dominant HSPB mutants in protein 
aggregates, implies that they might have acquired a toxic gain-of-function similar 
to the proteins in proteinopathies (Fig. 2). There is indeed biochemical evidence 
that some mutants, such as the P182L mutant of HSPB1,107 R49C and R116C of 
HSPB4,108,109 and R120G, Q151X and 464delCt of HSPB5110–112 are intrinsically 
unstable and might thus cause disease by forming aggregates (toxic gain-of-
function). However, it must be noted that the presence of HSPBs in aggregates 
could also be due to a loss-of-function, reflecting their failed attempt to handle a 
client with whom they subsequently co-aggregate. 

Evidence for haploinsufficiency, at least for HSPB1 mutations, is 
suggested by findings implying that reduced levels of HSPB1 lead to damage in 
sensory and motor neurons, that can be rescued by ectopic expression of 
HSPB1.6,113 Partial evidence for haploinsufficiency has also been provided for 
HSPB8 mutants, which have lost the HSPB8 chaperone-like activity to deal with 
aggregation-prone polyQ proteins and cause Charcot Marie Tooth disease.114 

Moreover, considering that HSPBs are known to form oligomers with other 
members of the same family, it is possible that HSPB mutants could affect the 
function of other HSPBs via dominant negative effects. HSPB8 mutants for 
example have an abnormally high affinity for endogenous HSPB1, thus potentially 
impairing HSPB1 or HSPB1-HSPB8 complex function.115 Similarly, certain HSPB1 
mutants affect endogenous HSPB8, leading to loss of HSPB8-HSPB1 complex 
formation.116 Furthermore, abnormal interaction of the R116C-HSPB4 mutant 
with HSPB5 and HSPB1 has been reported.117 

Therefore, not only a toxic gain-of-function (aggregation) might be 
responsible for HSPB-related chaperonopathies, but also a loss-of-function, which 
might be either direct, due to the mutation, or indirect, due to sequestration of 
wild-type HSPBs by the mutated HSPB forms. In addition, alteration of HSPB-
oligomerization properties and interactions with other HSPB members and/or 
haploinsufficiency may play a role in HSPB-related chaperonopathies. 
 
CChaperone intervention to rescue chaperonopathies  
Different HSPs have a role in anti-aggregation of various proteinopathies (Fig. 2). 
However, whether other HSPs might be able to rescue chaperonopathies has 
been scarcely studied. A few reports suggest this could indeed be possible: 
Firstly, aggregation caused by some HSPB5 mutants could be prevented by 
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overexpression of wild-type HSPB1,118,119 BAG3120 and wild-type HSPB8.121 
Secondly, aggregation associated with the expression of the P182L-HSPB1 
mutant in cell models was significantly reduced by the overexpression of wild-
type HSPB8.122 Whether such rescues are due to prevention of the formation of 
toxic aggregates containing mutant HSPB or whether they reflect a compensation 
for loss of (redundant) HSPB functions remains to be elucidated. 

 

Overall conclusions and future perspectives 

The finding of different ‘barcodes’ for the rescue of specific aggregation diseases 
suggests that, although loss of protein homeostasis with aging might contribute 
to disease initiation (e.g., by HSF-1 abrogation, restoring general protein 
homeostasis or components thereof), its rescue is insufficient for long term 
protection in most dominantly inherited proteinopathies. Chronic expression of 
these aggregation-prone proteins in fact often does not trigger activation of the 
HSR until late in disease. By then, aggregates might have already sequestered 
chaperones and thereby disturbed normal protein homeostasis, resulting in cell 
death. In earlier stages of disease, protein aggregates could already affect 
neuronal and muscular cell function (even without causing cell death) by altering 
functions such as axonal transport, organelle dynamics and plasma membrane 
(receptor) function, without directly impairing protein homeostasis. It has been 
shown in several mouse models for HD that reversible functional impairments 
precede neuronal cell loss.123 However, in cellular and simple animal models, such 
functional defects could be missed and cell death-related effects (including 
disturbances in protein homeostasis) might prevail, which would explain the 
observed rescue by the activation of the HSR or by the overexpression of its 
individual components. However, these HSR-related effects usually do not 
coincide with aggregate prevention and therefore do not lead to significant (long 
term) effects in mammalian animal models.  
 The human genome encodes for many more HSP members, several of which 
are not regulated by the acute HSR. Although not yet studied intensively, our 
review clearly shows that some of these “non-canonical” members can 
specifically rescue aggregation caused by the distinct proteonopathies, some of 
which have now also been demonstrated to be effective in mouse models. 
Interestingly though, several of these “non-canonical” HSPs also cause 
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chaperonopathies if mutated (DNAJB2, DNAJB6, HSPB8). This not only indicates 
that these HSPs have essential PQC functions, but furthermore suggests that 
their effects on proteinopathies might not be an artifact of their overexpression, 
but rather reflect an augmentation of their natural function.  
 A potential worry in all HSP overexpression or boosting studies is that it 
leads to network adaptations (which would annihilate long-term effectiveness) or 
to multiple side effects, including increasing carcinogenesis, as was demonstrated 
for the manipulation of HSF-1 activity.124 While network adaptations are to be 
expected upon manipulation of the driving forces of chaperone machinery (e.g. 
Hsp90/HSPC or Hsp70/HSPA), such effects might be less likely for those 
components that only steer the specificity of these machines (e.g. HSPBs or 
DNAJs). Although we found no evidence for DNAJB6 effects on the chaperone 
network, it remains important to further investigate whether (long-term) 
overexpression of DNAJB6 or other proteinopathy-rescuing HSPs might have side 
effects.  
 Finally, only limited comparative data on the potential rescue of the non-HSR 
regulated HSPs and the various proteinopathies or chaperonopathies are 
available. There still might be many novel suppressors of specific diseases to be 
uncovered, which would further barcode these diseases. This would not only help 
to find therapeutic targets for intervention, but would also help with 
understanding differences and similarities between the toxic mechanisms 
underlying the various proteinopathies. 
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Abstract 

Heat Shock Proteins (HSPs) are key regulators in cellular protein quality control 
(PQC) and have been suggested to play an essential role in protecting cells 
against protein aggregate-related neurodegenerative diseases.1 Astrocytic 
changes, including progressive molecular, cellular, and functional changes are 
common hallmarks in these diseases and thought to be aimed at counteracting 
the progression of neurodegeneration.2 The magnitude of this response tends to 
depend on the severity of the insult. More and more evidence is accumulating 
indicating that HSPs are part of this astrocytic response to neurodegenerative 
diseases as well. However, it is yet unknown whether and how elevated astrocytic 
expression of specific HSPs may confer in vivo protection against neuronal 
degeneration. In Huntington’s disease (HD), expansions of the polyglutamine 
(polyQ) tract facilitates the aggregation of Huntingtin (Htt), which drives cell 
degeneration, particularly in the striatal medium spiny neurons, and has a central 
role in disease pathogenesis. DNAJB6 is a human HSP of the DNAJ family and was 
identified to be the most potent suppressor of PolyQHtt-aggregation.3,4 Here we 
show that the exclusively astrocytic DNAJB6-overexpression extends lifespan and 
delays neurodegeneration in a pan-neuronal HttPolyQ-Drosophila melanogaster 
model, thus providing evidence for a non-cell autonomous protective role of 
astrocytes expressing specific HSPs in HD. 
 



DNAJB6 delays HD non-cell autonomously in D. melanogaster 
 

 

Ch
ap

te
r 4

 

Our laboratory has previously identified DNAJB6, a human HSP of the DNAJ family 
and HSP70 co-chaperone, as possessing potent anti-polyQ aggregation properties 
in vitro and in vivo.3,4 To verify whether the protective effects of DNAJB6 are 
conserved in D. melanogaster, we co-expressed human HttQ100-mRFP5, human 
DNAJB66, and the membrane-targeted fluorescent reporter mCD8-GFP7 in D. 
melanogaster ommatidiam, which is a structure of the compound eyes containing 
photoreceptors and support cells, using the GMR promoter driven by the Gal4-
UAS expression system.8 Our experiments confirmed DNAJB6-co-expression 
resulted in a significant alleviation of HttQ100-mRFP-associated increase in 
mCD8-GFP fluorescence in ommatidia and total mCD8-GFP protein levels (Fig.1A, 
1B, S1A, S1B). Taken together with our results indicating that co-expression of 
DNJB6 also reduced the amount of HttQ100-mRFP aggregates in total head 
lysates (Fig. S1C), these data indicate that the cell-autonomous protective 
effects of human DNAJB6 against polyQHtt-mediated aggregation are conserved 
in D. melanogaster. 
 

 

FFigure 1: DNAJB6 cell--autonomous protective effects against polyQHtt-
mediated cellular degeneration in D. melanogaster ommatidia. A) Representative 
images of D. melanogaster eyes (♂, Gal4-UAS system, 48 hours old adults) following GMR-
driven expression of indicated transgenes in ommatidia. mCD8-GFP served as a reporter 
for retinal integrity; genotypes: w(-); UAS Htt (Q15-mRFP or Q100-mRFP) / + (or UAS V5-
DNAJB6); GMR Gal4 / UAS mCD8-GFP (or +). BB) Quantification of the corrected mean eye 
fluorescence (CMEF) for mCD8-GFP. Statistical significance analyzed using 10 eyes/group 
with 1-way ANOVA test (SEM, ***, p<0,001).  
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Next, we generated a D. melanogaster line expressing HttQ100-mRFP in all 
neurons using the pan-neuronal promoter ELAV-Gal4 (Fig S2A).9 Western blots of 
total head lysates of D. melanogaster expressing HttQ100-mRFP indicate the 
abundant presence of Htt monomers, cleaved Htt-products, Htt-aggregate 
intermediates, and high molecular weight (HMW) Htt-aggregates in 5 day-old 
adult males (Fig. 2A) and females (Fig. S2B). Remarkably, compared to 5-day old 
D. melanogaster, the presence of Htt-monomers and -intermediates species was 
decreased in 15-day old adults, while HMW Htt-aggregates were still present, 
indicating a worsening of the HD-phenotype. Lifespan analysis showed a 
significant reduction in lifespan of HttQ100-mRFP-expressing males (Fig. 2B, S2C) 
and females (Fig. S2D, S2E), with a T50-decrease of 55% and 62%, respectively. 
This finding was further supported by a significant decrease in the climbing 
assay-based fitness score in HttQ100-mRFP males starting at day 12 (Fig. S2F). 

 

 
Figure 2: PolyQ-Htt pprotein levels and survival curve in D. melanogaster 
following pan-neuronal expression of HttQ100-mRFP. A) Representative Western 
blots of total D. melanogaster head lysates (♂, Gal4-UAS system, 5 and 15 days old 
adults) following targeted pan-neuronal expression of the indicated transgenes. The anti-
Htt antibody was used to detect various HttQ100-mRFP-species (100 kDa-monomers, 
70kDa-cleaved products, 130-170 kDa-intermediate aggregate species, HMW aggregates 
in stacking gel), Tubulin was as loading control. Genotypes: w(-); UAS HttQ100-mRFP  (or 
UAS eGFP) / +; ELAV Gal4/+). BB) Lifespan of isogenized D. melanogaster lines (♂, Gal4-
UAS system) pan-neuronally expressing HttQ100-mRFP or control transgene (HttQ15-
mRFP, eGFP or only promoter) inusing ELAV. Statistical significance was analyzed in ≈100 
flies/group by the Log rank Mantel-Cox test. Please, refer to S2C for detailed statistics 
and genotypes.   
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To further investigate the cell-autonomous protective effects of DNAJB6 against 
pan-neuronal polyQHtt-mediated toxicity,4 we generated D. melanogaster lines 
expressing HttQ100-mRFP via the Gal4-UAS and DNAJB6 via the LexA-LexO 
expression system.10 Protein expression was targeted to neurons via the ELAV 
driver in both systems. The autonomy of the Gal4-UAS and LexA-LexO systems 
was verified (Fig.S3A, S3B) and two different LexA trans-activator lines were 
used to control the magnitude of LexO-DNAJB6-expression levels (LG for 
moderate and LhG for strong expression; Fig. S3C1, S3D). 

Interestingly, our experiments indicate that stronger neuronal DNAJB6-
expression extended lifespan in D. melanogaster expressing HttQ100-mRFP in 
neurons as compared to D. melanogaster expressing HttQ100-mRFP and a 
control (difference in T50 = 43%; Fig. 3B, S3F), while moderate neuronal DNAJB6-
expression only affected a small sub-population of D. melanogaster (Fig. 3A, 
S3E), indicating that the protective DNAJB6-effects might be dependent on 
DNAJB6-protein levels. 

This hypothesis is supported by previous data from our laboratory 
indicating that the sub-stoichiometric ratio of DNAJB6:polyQHtt determines the 
DNAJB6-ability to prevent polyQ-fibrillation in vitro.4,11 The lifespan of control D. 
melanogaster lines was comparable to D. melanogaster expressing HttQ15-mRFP 
in neurons (Fig. 2B, S2C vs Fig.S3E, S3F), indicating that neither the combined 
use of multiple promoters, nor eGFP-expression affected D. melanogaster 
viability. Similarly, neuronal DNAJB6-expression did not affect the lifespan of D. 
melanogaster with neuronal expression of non-pathogenic HttQ15-mRFP (Fig. 
S3G). Together these data confirm that DNAJB6 has a specific, dose-dependent, 
cell-autonomous protective activity against polyQHtt-mediated neurotoxicity in D. 
melanogaster. 

We have previously shown that DNAJB6 acts on the primary and 
secondary nucleation steps in the polyQ-initiated aggregation process and that it 
is associated with reduced polyQ-mediated neurodegeneration.3,4 In line with 
these observations, we found that only stronger neuronal DNAJB6-expression 
(Fig.3C, Fig. S3H) reduced the HttQ100-mRFP-aggregate-load in total D. 
melanogaster head lysates. 
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Figure 3: Lifespan and Htt-protein levels of D. melanogaster pan-neuronally 
expressing HttQ100-mRFP and DNAJB6. A, B) Lifespan of isogenized D. 
melanogaster lines (♂) co-expressing neuronal (N) HttQ100-mRFP (Gal4-UAS) and 
neuronal (N) DNAJB6/eGFP (LexA-LexO) using the respective ELAV promoters. LexO-
DNAJB6/eGFP expression was modulated (LG = moderate, 3A;  LhG = stronger, 3B). 
Statistical significance was analyzed in ≈100 flies/group by the Log rank Mantel-Cox test. 
.Additional control lines, statistics and genotypes for Fig. 3A and Fig. 3B are shown in Fig. 
S3E and Fig. S3F, respectively. CC) Representative Western blots of total head lysates of 
D. melanogaster (♀, 5 and 15 days old adults) co-expressing neuronal (N) HttQ100-mRFP 
(Gal4-UAS) and neuronal (N) DNAJB6/eGFP (LexA-LexO). Data for moderate LexO-
DNAJB6/eGFP expression using ELAV-LG not shown. The anti-Htt antibody was used for 
HttQ100-mRFP-detection (100kDa = monomers, 70kDa = cleaved products, 130-170kDa 
= intermediate aggregate species, stacking gel = HMW aggregates). The anti-V5 antibody 
was used for V5-DNAJB6 detection and the anti-GFP antibody for eGFP detection. Tubulin 
as loading control. HMW aggregate quantification (signal in stacking gel normalized over 
tubulin) is shown for each line. Genotypes: 1) Control line (red): w(-); UAS HttQ100-mRFP 
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/ ELAV LhG; ELAV Gal4 / LexO eGFP. 2) Rescued line (blue) w(-); UAS HttQ100-mRFP / 
ELAV LhG; ELAV Gal4 / LexO DNAJB6.  
 
Astrocytes are glial cells that contribute to brain homeostasis and support 
neuronal functions through a pleiotropy of functions, including the provision of 
nutrients to neurons, the participation in neuronal signalling (tripartite synapse), 
and the release of brain factors.12,13 Neuronal damage in HD, as well as in many 
other aggregate-related neurodegenerative diseases, leads to molecular, cellular, 
and functional astrocytic changes that are thought to be initially aimed at 
counteract the progression of neurodegeneration.2 However, long-term stressors 
related to neurodegenerative diseases are known to result in severe and 
prolonged activation of astrocytes, eventually resulting in astrocytes assuming a 
‘reactive’ phenotype, which is thought to be detrimental to the surrounding brain 
tissue and contribute to HD pathology.14,15 Considering the delicate balance and 
importance of neuron-astrocyte interactions in the interpretation of our findings, 
we hypothesize that specific astrocytic HSP-overexpression may be capable of 
counteracting polyQHtt-aggregation and –toxicity and thereby protect neurons in 
a non-cell autonomous manner. To test this hypothesis, we selectively 
overexpressed human DNAJB6 in astrocyte-like cells via the ALRM-LexA 
promoter16 or in all glial cells via the REPO-LexA promoter17 in the background of 
D. melanogaster selectively expressing HttQ100-mRFP in neurons via ELAV-GAL4 
(Fig. S3A-D).  

To test the autonomy of our model system, we analyzed the brains of adult 
D. melanogaster co-expressing non-aggregating mCD8-RFP in neurons via the 
UAS-GAL4 system and eGFP in astrocyte-like cells via the LexA-system; confocal 
microscopy showed non-overlapping staining as evidenced by diffuse RFP 
fluorescence in neuronal lobes (e.g. antennal lobes, mushroom bodies) 
surrounded by a network of eGFP-positiveastrocytes with ramified processes (Fig. 
4A). Brains of D. melanogaster expressing neuronal HttQ100-mRFP showed RFP-
punctae reminiscent of aggregate formation that mainly localized to the antennal 
lobes and the area between the central brain complex and the optical lobes (Fig. 
4B). Of note, unlike D. melanogaster expressing mCD8-RFP, a small fraction of 
eGFP-positive astrocytes in D. melanogaster expressing HttQ100-mRFP in 
neurons were observed to contain RFP-punctae as well (Fig 5B, 5C). 

Strikingly, strong glial (via REPO-LhG) and astrocytic (ALRM-LhG) DNAJB6-
expression significantly extended the lifespan of D. melanogaster expressing 
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HttQ100-mRFP in neurons, increasing the T50 by 23% and 25%, respectively 
(Fig. 4D, 4F, S4A). Mirroring our results in neurons, moderate expression of 
DNAJB6 via the LG promoters only provided an extension in lifespan in a small 
sub-set of D. melanogaster (Fig. 4C, 4E, S4B, S4C). Together these data indicate 
that DNAJB6-expression in glial cells –particularly in astrocytes- has specific, non-
cell autonomous, dose-dependent, protective effects against polyQHtt-mediated 
toxicity. 
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FFigure 4: Immunofluorescence of D. melanogaster expressing eGFP in 
astrocyte l ike cells and mCD8-RFP or HttQ100-mRFP in neurons and the 
effects of glial and astrocytic DNAJB6-expression on l ifespan in D. 
melanogaster expressing HttQ100-mRFP in neurons. A,B) Representative confocal 
brain-images of D. melanogaster (♂, 15 days old adults) co-expressing transgenes in 
different cell types using the two independent expression systems: mCD8-RFP (4A) or 
HttQ100-mRFP (4B) in neurons (Gal4-UAS, ELAV) and eGFP in astrocytes (LhG-LexO, 
ALRM). Neuronal lobes and regions rich in HttQ100-mRFP punctae were enlarged. Neuronal 
cell bodies, astrocytic cell bodies (circles), and astrocytic processes (arrows, only in Fig. 
4A) are indicated in the respective merges. Scale bar: 100 μm. Magnification: 20x. A 
minimum of 3 brains / condition were imaged and found to display similar expression 
patterns. Genotype: w(-); UAS mCD8-RFP(or UAS HttQ100-mRFP) / ALRM LhG; ELAV Gal4 
/ LexO eGFP.  CC-F) Lifespan of isogenized D. melanogaster lines (♂) co-expressing 
neuronal (N) HttQ100-mRFP (Gal4-UAS, ELAV) and glial (G) or astrocytic (A) 
DNAJB6/eGFP (LexA-LexO) using respectively REPO (4C, 4D) or ALRM (4E, 4F) promoters, 
respectively. LexO-DNAJB6/eGFP expression was regulated by the LG (moderate 
expression, Fig. 4C, 4E) or LhG (strong expression, 4D, 4F) promoters. Statistical 
significance was analyzed in ≈100 flies/group by Log rank Mantel-Cox test. Additional 
control lines, statistics, and genotypes are shown in Fig. S4A (LhG) and Fig. S4B (LG).    
 

To unravel the mechanism underlying the protective DNAJB6-mediated non-cell 
autonomous effects, we investigated whether glial or astrocytic DNAJB6-
expression was associated with a reduction in the HMW HttQ100-mRFP-
aggregate-load. However, unlike our results in D. melanogaster co-expressing 
DNAJB6 and polyQHtt in neurons (Fig.3B, Fig. 5A), astrocytic or glial DNAJB6-
expression was not associated with a decreased HMW Htt-aggregate-load in total 
head lysates of D. melanogaster expressing HttQ100-mRFP in neurons. These 
findings suggest that intercellular transport of DNAJB6 from glia cells to neurons 
is unlikely to underlie the DNAJB6-mediated non-cell autonomous protective 
effects as suggested by the literature (Fig.S5A).18  
 Literature indicates that polyQHtt aggregates may propagate from neuron to 
neuron in a prion-like manner, thereby contributing to the progression of 
neurodegeneration.19–22 Glial cells might restrict such spreading by taking up 
these prion-like protein species from the extra-cellular space before it can enter 
and infect adjacent neurons.19 The  progressive uptake and accumulation of toxic 
Htt-species by glial cells is known to increase astrocytic stress, eventually 
resulting in  a general loss of glial functions, reactive astrocytosis, and 
neuroinflammation.14,15,23 Interestingly, the astrocytic expression of HttQ100-
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mRFP in D. melanogaster via the specific ALRM-Gal4 promoter was associated 
with a reduction in D. melanogaster lifespan, implying that astrocytic polyQ-Htt 
may contribute to the neurodegenerative phenotype (Fig. S5C). 

An alternative explanation for the positive effects of astrocytic or glial 
DNAJB6-expression on the lifespan of D. melanogaster pan-neuronally expressing 
HttQ100-mRFP may be DNAJB6-mediated protection of astrocytes/glia against 
polyQHtt-aggregate- toxicity, thereby enabling these cells to either promote 
neuronal fitness or to actively prevent the propagation of aggregates from one 
neuron to the next by enhancing astrocytic polyQHtt-uptake capabilities (Fig. 
S5B3). Although our model system was not designed to investigate the effects 
of DNJAB6 on neuron-to-neuron polyQHtt-propagation, our confocal microscopy 
analysis revealed that ~10% of all astrocytes expressing eGFP in D. melanogaster 
co-expressing HttQ100-mRFP in neurons contained mRFP-positive punctae (Fig. 
5B3-4, 5C, S5D). The presence of these mRFP-positive punctae was not due to 
indiscriminate protein transfer, as proven by the absence of mRFP-positive 
punctae in eGFP-positive astrocytes of D. melanogaster expressing neuronal non-
aggregating membrane-bound mCD8-RFP (Fig. 5B1-2, 5C, S5D). Taken together, 
these results suggest that the presence of HttQ100-mRFP-punctae in astrocytes 
is the result of active, inter-cellular, aggregate-progression. Importantly, the 
combined expression of neuronal HttQ100-mRFP and astrocytic DNAJB6 resulted 
in a significant increase of astrocytes displaying mRFP-positive punctae to ~50% 
(Fig. 5B5-6, 5C, S5D).   
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FFigure 5: Effect of glial/astrocytic DNAJB6--expression on polyQHtt aaggregate 
formation, aggregate transmission, and overall neuronal viabil ity in D. 
melanogaster expressing HttQ100-mRFP in neurons. A) Representative Western 
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blots of total head lysates from D. melanogaster lines (♀, 5 and 15 days old adults) co-
expressing neuronal HttQ100-mRFP (N, Gal4-UAS) and glial (G, line 1-4) or astrocytic (A, 
line 5-8) DNAJB6/eGFP (LexA-LexO) via REPO or ALRM promoters (LhG version), 
respectively. The anti-huntingtin antibody was used HttQ100-mRFP detection (100kDa = 
monomers, 70kDa = cleaved products, 130-170kDa = intermediate aggregate species, 
stacking gel = HMW aggregates) and the anti-V5 antibody for V5-DNAJB6 detection. The 
anti-GFP antibody was used for eGFP detection and Tubulin was used as loading control. 
HttQ100-mRFP-HMW aggregates were normalized over tubulin and quantified for each line. 
Genotypes: 1) Control line (red): w(-); UAS HttQ100-mRFP / Driver LhG; ELAV Gal4 / LexO 
eGFP. 2) Rescued line (blue): w(-); UAS HttQ100-mRFP / Driver LhG; ELAV Gal4 / LexO 
DNAJB6. BB) Representative confocal images of D. melanogaster brains (♂, 15 days old 
adults) in lines co-expressing neuronal transgenes (mCD8-RFP / HttQ100-mRFP, Gal4-UAS) 
via ELAV and astrocytic transgenes (DNAJB6b/eGFP, LhG-LexO) via ALRM. Two 
representative images from the central brain region indicated in Fig. S5D were taken for 
each indicated condition and magnified details shown. In magnified details, neurons 
(dashed circles), astrocytes (continued line circles), HttQ100-mRFP punctae in astrocytes 
(arrow), used for counting in 5C, are shown. The anti-V5 antibody was used for V5-
DNAJB6 detection, Alexa488 was used as secondary antibody. Scale bar: 25 μm. 
Magnification: 63x.  A minimum of 3 brains / condition with 20 sections (≈3 μm) in the 
central brain area indicated in S5D were imaged with similar patterns of expression levels 
being observed. Genotypes: 1) Control (Fig. 5B1 and 5B2): w(-); UAS CD8-mRFP / ALRM 
LhG; ELAV Gal4 / LexO eGFP. 2) Condition 1 (Fig. 5B3 and 5B4): w(-); UAS HttQ100-
mRFP / ALRM LhG; ELAV Gal4 / LexO eGFP. 3) Condition 2 (Fig. 5B5 and 5B6): w(-); UAS 
HttQ100-mRFP / ALRM LhG; ELAV Gal4 / LexO DNAJB6. CC) Percentage of green 
fluorescent astrocytes containing mRFP-positive punctae in a confocal section in D. 
melanogaster brains from Fig. 5B. All green fluorescent astrocytes containing or not 
containing mRFP-positive punctae in each of 20 confocal sections (≈3 μm) of the central 
brain area in Fig. S5D, 2 brains/condition were considered for counting. Statistical 
significance analyzed by 1-way ANOVA test (SEM, ***, p<0,001). EE) Representative 
Western blots of total head lysates of D. melanogaster lines (♀, 5 and 15 days old adults) 
co-expressing neuronal HttQ100-mRFP (N, Gal4-UAS) and neuronal (N) or astrocytic (A) 
DNAJB6/eGFP (LexA-LexO) via ELAV (line 1-4) or ALRM (line 5-8) LhG-promoters, 
respectively. The anti-NC82 antibody was used for NC82-detection and Tubulin as loading 
control. Quantification of NC82 normalized over tubulin shown for each line at day 15 . 
Genotypes: 1) Control line (red): w(-); UAS HttQ100-mRFP / Driver LhG; ELAV Gal4 / LexO 
eGFP. 2) Rescued line in blue w(-); UAS HttQ100-mRFP / Driver LhG; ELAV Gal4 / LexO 
DNAJB6.   
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Our results thus support findings that astrocytes are capable of taking up 
polyQHtt-aggregate species that are selectively expressed in neurons and 
furthermore provide compelling evidence that astrocytic expression of DNAJB6 
may increase the astrocytic ability to take up polyQHtt-aggregates and/or the 
astrocytic resistance against polyQHtt-mediated toxicity, thereby potentially 
slowing down the progression of polyQHtt-neurotoxicity. 
 To assess overall neuronal fitness, we analyzed total D. melanogaster head 
lysates for neuronal NC82 (marker: pre-synaptic active zone).24 We found that 
NC82 levels were strongly reduced in 15 day-old D. melanogaster neuronally 
expressing HttQ100-mRFP(Fig.S5E). Interestingly, neuronal –as well as astrocytic- 
DNAJB6-expression in D. melangoaster expressing HttQ100-mRFP in neurons was 
associated with higher levels of NC82, further supporting the notion that DNAJB6 
improves overall neuronal fitness cell autonomously and non-cell autonomously. 

Our experiments verified that the expression of a HSPs in glia -and 
astrocytes in particular- protects neurons beyond maintaining astrocytic 
functions to support neuronal health and control neuro-inflammation2,14,15 Our 
results indicate that astrocytic DNAJB6-overexpression protects D. melanogaster 
against polyQHtt-aggregation and –toxicity non-cell autonomously, resulting in 
the lifespan extension of D. melanogaster  pan-neuronally expressing mRFP-
HttQ100. Our data further support the idea that polyQHtt-aggregates may 
progress from neurons to astrocytes.19–22 These data suggest that astrocytes 
may serve as reservoir for toxic, prion-like, aggregate-inducing, species, thereby 
potentially preventing their progressive neuronal spread and neurodegeneration.  

However, the reservoir capacity of astrocytes is limited as internalized 
aggregates convey their toxicity to astrocytes by recruiting non-toxic polyQHtt-
conformers and PQC components. By preventing the primary and secondary 
nucleation steps in the Htt-aggregation process,4,11 DNAJB6 may enhance 
astrocytic resistance to aggregate toxicity, thereby increasing astrocytic 
reservoir capacity. Our data further show that the DNAJB6-mediated effects 
contribute to overall neuronal fitness in vivo. Considering the reciprocal neuron-
astrocyte interactions, a combination of DNAJB6-mediated effects may support 
neuronal viability, including enhanced astrocytic resistance to polyQHtt-toxicity 
and the promotion of neuronal fitness. Based on our data, we further hypothesize 
that the increased prion-reservoir capacity of DNAJB6-expressing astrocytes may 
impede on the progressive neuronal polyQHtt-aggregate propagation in the brain.  
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Materials and Methods 

Vectors 
UAS/LexO vectors were obtained by cloning the sequences of HttQ15-mRFP or HttQ100-
mRFP (mutant Htt exons 1-12, biologically relevant cleaved product of the mutant protein 
with a pathogenic poly(Q) tract and multiple sites of protein interactions8) or V5-DNAJB6 
(short nuclear and cytosolic isoform B6)) or eGFP (a reporter of internal retinal integrity7, 
Clontech) into the multiple cloning site of pUAS attB or pLexO attB (kindly provided by 
Prof. K. Basler Group, UZH). Driver (Promoter cell-specific expression) vectors were 
generated based on the backbone of the pDPP-Gal4 attB or pDPP-LG attB or pDPP-LhG 
attB plasmids (Prof. K. Basler Group, UZH). The DPP promoter was substituted with the 
sequence of the ELAV (pan-neuronal, from pELAV-Casper vector, kindly provided by Prof. 
Liqun Luo, Stanford University), REPO (pan-glial, from pENTRY-D-TOPO-REPO4.3 vector, 
kindly provided by Prof. C. Klämbt, University of Münster), or ALRM (astrocytic, from 
pALRM-Casper vector, kindly provided by Prof. M. Freeman, UMASS) promoters. All vector 
sequences were confirmed via sequencing. Please refer to the table in Table S1 for a 
complete vectors list.  
 
D. melanogaster stocks  
The D. melanogaster lines listed in Table S1 were obtained via embryo injection and 
transformation with the above mentioned attB vectors by Best Gene Inc. injection service, 
facilitating the attP-site specific PhiC31 integrase system. In addition, the following D. 
melanogaster lines from the Bloomington Drosophila Stock Center were used: w(-); +/+; 
GMR-Gal4 (Line #8121); w(-); +/+; UAS-mCD8-GFP (Line #5130); w(-); UAS-mCD8-RFP; 
+/+ (Line #27391). All lines used for this study were isogenized via backcrossing with the 
control stock w1118-line for 6 generations to remove any background mutations. 
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TTable S1. D.melanogaster lines generated by embryo-injection and -transformation with 
attB plasmids by Best Gene Inc, using the attP-site specific PhiC31 integrase system. 
 
D. melanogaster stock maintenance 
All stocks and experimental flies were kept in polystyrene vials 25x95 mm filled with 8 
ml/vial of solidified media (17 g/l Agar; 26 g/l Yeast; 54 g/l Sugar; 1.3 mg/l Nipagin). All 
experimental flies were maintained in a humidified and temperature controlled incubators 
at 25 °C on a 12 hours light/dark cycle (Premium ICH Insect Chamber, Snijders Labs). 
Experimental flies were anesthetized on a CO2 pad and selected according to their gender 
and phenotype by light microscopy. 
 
Lifespan curves, cl imbing assay and fitness score  
Parental flies (5-6 females and 5-6 males) were kept in vials for 3 days and then removed. 
All virgin offspring flies were collected within the same 24 hours. For each analyzed group, 
≈100 flies were collected according to specific gender and phenotype and collected and 
kept in new vials (10 flies/vial). Flies were transferred to new vials containing fresh 
medium every 2 days; deaths were scored daily. Statistical significance of lifespan curve-
differences were analyzed by Log rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test 
using the Graph Pad Prism Software Version 5.00. All curve-comparisons were calculated 
on flies analyzed within the same experiment. The T50 was defined as the time point at 
which 50% of the initial D. melanogaster population had died. Climbing assays were 
performed on the same flies used in the survival analysis. To assess D. melanogaster 
climbing ability, fly vials were inserted into a rack and forced to the bottom via tapping. 
Photos were taken ( at tap, after 5 seconds, after 20 seconds, repeated three times for 
each vial) and used to calculate % climbers for each condition at each time point. Climber 
flies were defined as flies able to climb further than 1.2 cm from the bottom after the tap 
(limit established in a control experiment). Fitness scores were calculated for each time 
point using the following formula: % climbers x survival proportion (from lifespan curves) / 
100. Statistical significance of fitness score-differences was assessed at each time point 
and analyzed by 2-way ANOVA using Graph Pad Prism Software Version 5.00. 
 
Antibodies and reagents 
Antibodies (dilutions indicated in brackets for Western blots (WB) and 
Immunofluorescence (IF)) against huntingtin (Chemicon, MAB2166, WB 1:5000), eGFP 
(Clontech-Living Colors, cat. No.632375, WB 1:5000), α-tubulin (Sigma Aldrich, clone 
DM1A, WB 1:2000), V5 epitope tag in DNAJB6b (Thermo Fisher Scientific, cat. No.R960-
25, IF 1:50), Draper (DSHB, clone 8A1, IF 1:50), NC-82 (DSHB, WB 1:5000, IF 1:50) were 
used. The following chemicals were used: DAPI for nucleic staining (Thermo Fisher 
Scientific, cat. No. D1306). 20% SDS Solution (BioRad, cat. No.n1610418). PBS 
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components (NaCl cat. No.S9888, KCl cat. No. P9541, Na2HPO4 cat. No. 255793, KH2PO4 
cat. No. V000225), Tween-20 (cat. No. P2287), Triton X-100 (cat. No. T8787), Bovine 
Serum Albumin (cat. No. A2058, BSA), glycerol (cat. No. G5516), 3.7% Formaldehyde 
(cat. No. 11-0705 SAJ), Tris base (cat. No. T1503), and β-mercaptoethanol (cat. No. 
M6250) were from Sigma Aldrich. 
 
Western blotting of D. melanogaster total head lysates 
30-40 D. melanogaster adults with the same phenotype, gender, and age (days after 
pupal eclosion) were collected per experimental condition; following freezing in liquid 
nitrogen and vortexing, separated heads were collected, counted and lysed in SDS-rich 
buffer (SDS 1.45%, Glycerol 20%; Tris Base 0.2 M. 2.5 μl of buffer/head) via sonication (3 
pulses of 50 Watt for 5 seconds). The homogenized lysate was centrifuged at 1000 xg 
for 3 seconds to separate the cuticle debris from the surnatant. The protein-containing 
surnatant was collected, quantified via spectrophotometry (Implen NanoPhotometer 
UV/Vis), and equalized. Samples were supplied with 5% β-mercaptoethanol and 
bromophenol blue and boiled at 99 °C for 5 minutes. Equal amounts of sample volumes 
were resolved on SDS-PAGE. Flies stemming from the same line were collected from 
different vials; the entire experiment was repeated at least twice. 
 
Western blotting and protein quantification 
Following sample-preparation, proteins were resolved by SDS-PAGE, transferred to 
nitrocellulose membranes, and processed for Western blotting. Primary antibodies 
(concentrations mentioned above) were prepared in 3% BSA/0.1%, PBS-Tween 20 and 
secondary antibodies (1:5000, Invitrogen, horse peroxidase conjugated to IGG or IGM) in 
5% milk/0.1% PBS-Tween 20. Membranes were incubated with Pierce ECL Western 
blotting substrate (cat. No. 32106) for 2 minutes and visualized using ChemiDoc Touch 
Imaging System (BioRad). Blots were quantified via the Image Lab Version 5.2.1 software 
(BioRad). 
 
Imaging of fluorescent eyes in D.melanogaster and quantification  
Experimental D. melanogaster adults with the same phenotype, gender, and age (days 
after pupal eclosion) were collected for each and anesthetized on a CO2 pad while their 
GFP-fluorescent eyes were visualized using a Leica MZ10 F Fluorescence stereomicroscope 
(GFP3 filter). 10 eyes from different flies were visualized per condition; GFP fluorescence 
was quantified using the Image J 1.48v software and expressed as corrected by mean eye 
fluorescence (CMEF). CMEF was calculated as integrated density (selected area x mean 
background fluorescence). Statistical significance of CMEF differences were analyzed by 1-
way ANOVA using Graph Pad Prism Software Version 5.00.   
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DD.melanogaster Immunofluorescence (IF), Imaging and Punctae 
Quantification 
Brains of experimental D. melanogaster adults were collected according to phenotype, 
gender, age (days after pupal eclosion), and condition, incubated in 0.1% Triton X-100 / 
1x PBS buffer, fixed in 3.7% Formaldehyde / 0.1% Triton X-100 / 1 x PBS buffer for 20 
minutes at room temperature. Following the blocking of non-specific sites using 2% BSA / 
0.1% Triton X-100 / 1x PBS buffer for 30 minutes at room temperature, samples were 
incubated with the primary antibody (dilution 1:50) in blocking buffer for 2 days at 4°C 
and visualized by incubation with species-specific secondary Alexa-conjugated antibody 
dyes (Invitrogen, Alexa Fluor 488 goat-anti-mouse; dilution 1:500) and DAPI (final 
concentration 0.2 μg/μl) in blocking buffer for 2 days at 4°C, to visualize primary 
antibodies and nuclei, respectively. Brains were embedded in mounting solution (CitiFluor®, 
Agar Scientific) and mounted between glass slide and coverslip; visualization occurred via 
confocal microscopy within 24 hours. IF images of D. melanogaster brains were captured 
using a confocal laser scanning microscope (Leica TCS SP8) with a 63x/1.40 objective 
lens. Z-stack images were obtained to investigate punctae at different Z-planes in cells. 
Cellular punctae-quantification was carried out manually. Photoshop and Image J were used 
for image processing. Statistical significance of value-differences were analyzed by 1-way 
ANOVA using Graph Pad Prism Software Version 5.00. 
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Supplementary information 

 

Figure S1. A) Representative Western blots of total D. melanogaster head lysates (♀, Gal4-UAS 
system, 48 hours old adults) with GMR-driven expression of the indicated transgenes in ommatidia. 
The anti-GFP antibody was used to detect mCD8-GFP (bands at ~170 and ~55 kDa for oligomers and 
monomers of mCD8-GFP respectively) and tubulin was used as loading control. Genotypes: w(-); UAS 
Htt (Q15-mRFP or Q100-mRFP) / + (or UAS V5-DNAJB6); GMR Gal4 / UAS mCD8-GFP. BB) 
Quantification of mCD8-GFP protein levels (total signal from bands at ~170 and ~55 kDa for 
oligomers and monomers of mCD8-GFP respectively) normalized for tubulin. CC) Representative 
Western Blots of total head lysates (♀, Gal4-UAS system, 48 hours old adults) expressing the 
indicated transgenes in ommatidia via GMR. The anti-Htt antibody was used to detect HttQ100-mRFP-
monomers (100 kDa), cleaved HttQ100-mRFP-products (70 kDa), intermediate HttQ100-mRFP-
aggregate species (130-170 kDa), and HMW HttQ100-mRFP-aggregates (stacking gel). The anti-V5 
antibody was used to detect V5-DNAJB6. Tubulin was used as loading control. Genotypes: w(-); UAS 
HttQ100-mRFP / + (or UAS V5-DNAJB6); GMR Gal4 / UAS mCD8-GFP. 
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FFigure S2. A) Representative confocal images of D. melanogaster heads (♂, Gal4-UAS system, 15 
days old adults, antennal lobe region) in lines with pan-neuronal expression of HttQ15-mRFP or 
HttQ100-RFP (using ELAV) stained for Draper (marker for glial cells, Alexa488, green).  Scale bar: 50 
μm. Magnification: 40x. Similar expression patterns were observed in a minimum of 3 brains/condition. 
Genotypes: w(-); UAS Htt (Q15-mRFP or Q100-mRFP) /+; ELAV Gal4/+. BB) Representative Western 
blots of total D. melanogaster head lysates  (♀, Gal4-UAS system, 5 and 15 days old adults) 
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expressing the indicated transgenes using ELAV. The anti-Htt antibody was used to detect HttQ100-
mRFP species (100kDa-mononomers, 70kDa-cleaved products, 130-170kDa-intermediate aggregate 
species, HMW aggregates in stacking gel), Tubulin was used as loading control. Genotypes: w(-); UAS 
HttQ100-mRFP  (or UAS eGFP) / +; ELAV Gal4/+. CC) Genotype and statistical analysis of lifespan 
curves. DD) Lifespan of isogenized D. melanogaster lines (♀, Gal4-UAS system) expressing HttQ100-
mRFP or control transgene (HttQ15-mRFP, eGFP or only promoter)using ELAV. Statistical significance 
was analyzed in ≈100 flies/group by Log rank Mantel-Cox test. Please, refer to S2E for detailed 
statistics and genotypes. EE) Genotype and statistical analysis of lifespan curves Fig. S2D. FF) Fitness 
score of D. melanogaster lines Fig. 2B. Statistical significance was analysed in ≈100 flies/group by 2-
way ANOVA, *** p<0,001.  
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Figure S3 A-D. A) Schematic overview of the Gal4-UAS and LexA-LexO expression systems in D. 
melanogaster: GFP-protein levels verify that GAL4 recognizes the UAS sequence, whereas the 
absence of GFP-protein levels confirms that LexA (LG or LhG) cannot recognize the UAS sequence 
and Gal4 cannot recognize the LexO sequence. B-D) Experimental confirmation of the autonomy of 
the Gal4-UAS and LexA-LexO expression systems. B) Representative Western blots of total head 
lysates of D. melanogaster lines (♂ in B1 and ♀ in B2, 15 days old adults) with transgene UAS-eGFP or 
LexO-eGFP-expression driven either by the Gal4 or LexA (LG or LhG) promoter. The presence (green) 
and absence (black) of GFP-expression are shown. The anti-GFP antibody was used for eGFP detection 
and Tubulin was used as loading control. ELAV: Lines 2-5. REPO: Lines 9-10; ALRM: Lines 6-8. 
Genotypes: w(-); UAS eGFP (D) /+; Driver Gal4/+ (positive combinations). w(-); UAS eGFP/ Driver 
LexA; +/+ or w(-); Driver Gal4/+; LexO eGFP (A) /+ (negative combinations). w1118 (negative 
control). C) Representative Western blots of total head lysates of D. melanogaster lines (♂, 15 days 
old adults) with UAS-eGFP or LexO-eGFP transgene-expression being driven by the Gal4 or LexA 
promoters, respectively. eGFP protein expression levels driven by the moderate LG promoter or 
stronger LhG promoter are shown. The anti-GFP antibody was used for eGFP detection and Tubulin 
was used as loading control.  ELAV: C1. ALRM: C2. eGFP lines with different chromosome insertion 
positions are shown (see also Table S1). Genotypes: w(-); UAS eGFP/+; Driver Gal4/+ or w(-); Driver 
LexA (LG or LhG)/+; LexO eGFP/+. Negative ctrl line: w1118. D) Representative Western blots of total 
head lysates of D. melanogaster lines (♂ and ♀, 15 days old adults with UAS-eGFP or LexO-eGFP 
transgene-expression being driven by the Gal4 or LexA promoters, respectively. Levels of eGFP 
expression among genders and different promoters are shown. The anti-GFP antibody for eGFP 
detection and Tubulin was used as loading control. ELAV: lines 1-8. REPO: lines 10-11; ALRM: lines 
13-14. Genotypes: w(-); UAS eGFP(D)/+; Driver Gal4/+ or w(-); Driver LexA (LG or LhG)/+; LexO 
eGFP(A)/+. Negative ctrl line: w1118. 

Figure S3 E-G. E) Lifespan of isogenized D. melanogaster additional control lines (♂), statistics and 
genotypes for experiment in Fig. 3A (LexO-DNAJB6/eGFP with LG-moderate expression). F) Lifespan 
of D. melanogaster additional control lines (♂, 25°C), statistics and genotypes for experiment in Fig. 
3B (LexO-DNAJB6/eGFP with LhG-strong expression). G) Lifespan, statistics and genotypes of D. 
melanogaster lines (♂), co-expressing neuronal (N) HttQ15-mRFP (Gal4-UAS) and neuronal (N) 
DNAJB6/eGFP (LexA-LexO) in neurons (using the respective ELAV promoters). Strong expression of 
LexO-DNAJB6/eGFP using ELAV-LhG promoter. Statistical significance analyzed with Log rank Mantel-
Cox test. H) Representative Western blot of total head lysates of D. melanogaster lines (♀, 5 and 15 
days old adults) co-expressing neuronal (N) HttQ100-mRFP (Gal4-UAS) and neuronal (N) 
DNAJB6/eGFP (LexA-LexO). Data shown are for moderate expression of LexO-DNAJB6/eGFP using 
ELAV-LG promoter. The anti-Htt antibody was used for detection of HttQ100-mRFP (100kDa = 
monomers , 70kDa = cleaved products,, 130-170kDa = intermediate aggregated species, stacking gel 
= HMW aggregates). The anti-V5 antibody was used for V5-DNAJB6b detection and Tubulin was used 
as loading control. Quantification of HttQ100-mRFP HMW aggregates normalized against tubulin 
shown for each line. Genotypes: 1) Control line (red): w(-); UAS HttQ100-mRFP / ELAV LG; ELAV Gal4 
/ LexO eGFP. 2) Rescued line (blue) w(-); UAS HttQ100-mRFP / ELAV LG; ELAV Gal4 / LexO DNAJB6. 
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FFigure S4. A) Lifespan of additional isogenized  D. melanogaster control lines (♂,,S4A1, S4A2), 
statistics, and genotypes (S4A3) for experiment in Fig. 4D and 4F (LexO-DNAJB6/eGFP with LhG-
strong expression). D. melanogaster co-expressing HttQ100-mRFP in neurons (N, via ELAV) and 
DNAJB6/eGFP in glial cells (G, via REPO, S4A1) or astrocytes (A, using ALRM, S4A2). BB) Lifespan of 
additional isogenized  D. melanogaster control lines (♂,S4B1, S4B2), statistics, and genotypes (S4B3) 
for experiment in Fig. 4C and 4E (LexO-DNAJB6/eGFP with LG-moderate expression). D. melanogaster 
co-expressing HttQ100-mRFP in neurons (N, via ELAV) and DNAJB6/eGFP in glial cells (G, via REPO, 
S4B1) or astrocytes (A, via ALRM, S4B2). CC) Lifespan, statistics, and genotypes of isogenized D. 
melanogaster lines (♂) co-expressing HttQ15-mRFP in neurons (N, via ELAV) and DNAJB6/eGFP in 
glial cells (G, via REPO, S4C1) or astrocytes (A, via ALRM, S4C2). Strong expression of LexO-
DNAJB6/eGFP was driven by the ELAV-LhG promoter. Statistical significance was analyzed in ≈100 
flies/group by Log rank Mantel-Cox test.    
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Figure S5. A) Possible intercellular DNAJB6 transmission from glial cells to neurons where the 
chaperone may lead to reduced aggregation of Poly(Q) Htt. BB) Spreading of Poly(Q) Htt prion-like 
species (B1), role of glial cells in up-take and clearance of seeds (B2) and the non-cell autonomous 
protection of neurons through expression of DNAJB6 in glial cells (B3). CC) Lifespan, statistics and 
genotypes (C1) of D. melanogaster lines (♂, Gal4-UAS system) expressing HttQ100-mRFP or control 
transgene (HttQ15-mRFP, eGFP or only promoter) in all astrocytes (using ALRM). Statistical 
significance analyzed using ≈100 flies/group with Log rank Mantel-Cox test.. Representative Western 
Blot of total heads lysates of indicated D. melanogaster lines is shown in C2. Anti-huntingtin antibody 
used for detection HMW aggregates (stacking gel) of HttQ100-mRFP. Tubulin as loading control. DD) 
Representative confocal image of D. melanogaster brain (expressing pan-neuronal mCD8-RFP, via 
ELAV), showing the different neuronal lobes and highlighting the central brain region analyzed for 
data of Fig 5B and 5C. EE) Representative Western Blots of total heads lysates of D. melanogaster 
lines (♀, 15 days old adults) expressing neuronal HttQ15-mRFP or HttQ100-mRFP (Gal4-UAS) using 
ELAV. Anti-NC82 antibody for NC82. Tubulin as loading control. Quantification of NC82 (signal 
normalized on tubulin signal) for each line and for each experiment at day 15 is shown. Genotypes: 
w(-); UAS HttQ15-mRFP  (or UAS HttQ100-mRFP) / +; ELAV Gal4/+.   
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Abstract 
The Hsp70-cycle is a central hub in protein quality control (PQC).1 Whereas the 
chaperones of the DNAJ- and HSPB-families deliver clients to Hsp70s,1–4 client-
release is mediated by Nucleotide Exchange Factors (NEFs) that reduce Hsp70-
client affinity.1,5–8 Precise regulation of the combination of co-chaperones in the 
Hsp70 complex is considered to determine the fate of Hsp70-clients.9 BAG3, the 
only stress-inducible BAG-protein,10 is a multi-domain NEF (Fig. 1A) that connects 
Hsp70 (via the BAG-domain) to proteins such as synaptopodins (WW domain), 
SH3 domain containing proteins, including dynein motors (PxxP-motif), and small 
heat shock proteins (IPV motifs).11,12 A mutation in the second IPV motif 
(BAG3P209L) causes a dominant form of myofibrillar myopathy13–16 associated with 
protein aggregation.13,17 We found that this aggregation is, unexpectedly, neither 
related to the loss of HSPB binding, nor to BAG3 misfolding, or the loss of NEF 
function. Instead, aggregation is mediated through interactions with Hsp70 that 
lead to subtle defects in Hsp70-mediated client processing, which have 
devastating dominant negative effects on cellular PQC regulation. Importantly, 
drug-induced abrogation of BAG3-HSP70 interaction completely rescued these 
defects. 
 



BAG3P209L: Hsp70 disturbances cause a collapse in PQC 
 

 

Ch
ap

te
r 5

 

 
The BAG-family of NEFs consists of one ER-associated and 5 cytoplasmic BAGs, 
most of which have been associated with the degradation of HSPA-bound clients 
via either the ubiquitin-proteasome system (UPS; BAG1, BAG5, BAG6) or 
autophagy (BAG3).6,9,11 Like other BAGs, BAG3 can interact with Hsp70. Unlike 
other BAGs, BAG3 can bind to the HSPB family members HSPB1, HSPB5, HSPB6, 
and -with very high affinity- HSPB8- via its IPV-motifs (Fig. S1A).12,18 Bag3 binds 
to HSPBs with a 1:2 stoichiometry in cells19 and in vitro (Fig. S1B). The 
dominantly inherited BAG3P209L mutation has been associated with myofibrillar 
myopathy (MFM) and associated dilated cardiomyopathy (DCM) with childhood 
age of onset.13–16 BAG3 P209L is located in the second of two IPV motifs, which are 
required for BAG3-binding to HSPBs in vitro.17,18 It remains unclear why the 
BAG3P209L mutation is particularly detrimental. In vitro NMR and SPR data revealed 
that HSPB-binding to BAG3P209L is reduced (Fig. 1B,C), albeit not completely lost 
as is the case when both IPV domains are deleted (Fig. 1D). In fact, the P209L-
mutation did not affect HSPB1-binding of a BAG3 fragment mainly consisting of 
both IPV domains (BAG3 56-300) (Fig. S1C). Immunoprecipitation of cell lysates 
confirmed that the lack of both IPV-motifs (BAG3ΔIPV1ΔIPV2) results in a complete 
loss of BAG3-HSPB8 binding, whereas BAG3P209L-HSPB8 binding was only mildly 
reduced (Fig. 1E). Mutating the first IPV motif in the BAG3P209L background 
(BAG3IPV1mut,P209L) did not affect HSPB-binding, suggesting that the P209L 
substitution can still interact with HSPBs. Combined, these findings imply that 
that the P209L mutation is not impeding on HSPB-binding per se. 

The BAG3P209L mutation has been associated with the aggregation of 
sarcomeric proteins, including BAG3P209L itself.13 Accordingly, a significant portion 
of ectopically expressed BAG3P209L is detergent insoluble in human cells, whereas 
BAG3WT is mainly detergent soluble (Fig. S1D). Furthermore, wild type BAG3 was 
found to be homogenously distributed throughout the cell whereas a significant 
percentage of cells expressing BAG3P209L showed a decrease in the amount of 
nuclear BAG3 and a punctae-like distribution pattern (~50%: see also below; Fig. 
1F,G; Fig. S1E). These punctae are detergent insoluble (Fig. S1E) and reminiscent 
of cellular aggregates observed in patients with BAG3P209L-associated 
MFM/DCM.13 Intriguingly, a complete loss in HSPB binding (BAG3ΔIPV1ΔIPV2) did 
neither result in BAG3 insolubilization, nor in BAG3 punctae formation (Fig. 1F-H; 
Fig S1F,G), demonstrating that loss of HSPB binding is not sufficient to cause  
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Figure 1: BAG3P209L aggregation is not caused by a loss of HSPB binding.  
  



BAG3P209L: Hsp70 disturbances cause a collapse in PQC 
 

 

Ch
ap

te
r 5

 

((a) Schematic representation of BAG3 depicting the WW domain, the IPV motifs, the PxxP 
domain and the BAG domain. The disease-causing mutation P209L resides in the second 
IPV domain (indicated in light green). (b) Peptides derived from IPV motifs bind Hsp27 
crystallin domain. (c) Alanines I and V are necessary for binding. (d) Hsp27 mutant binding 
to BAG3. (e) Immunoprecipitation using anti-FLAG beads from cells expressing FLAG-
BAG3WT or mutant variants using anti-FLAG beads. Western blots for FLAG (BAG3) and 
MYC (HSPB8) is shown. (f) Immunofluorescence pictures of FLAG-BAG3WT and indicated 
mutants, using a BAG3 antibody (green). (g) Quantification of the percentage of cells with 
BAG3 aggregates expressing the indicated variants of BAG3. Data represent the mean and 
standard deviation of two independent experiments (at least 100 cells were counted per 
experiment). (h) NP-40 insoluble fraction of cells expressing indicated FLAG-BAG3 
variants. Western blot against the indicated antibodies is shown. The soluble fraction can 
be found in supplemental figure 1G. 

the cellular BAG3P209L phenotype. In fact, mutating IPV1 in the presence of the 
P209L mutation (BAG3ΔIPV1P209L) reduced BAG3-punctae formation and 
insolubilization (Fig. 1F-H; Fig S1F,G). 

Next, we investigated whether the P209L-mutation initiates self-aggregation 
of BAG3. This idea is supported by PEPFOLD-predictions that suggest a higher β-
sheet propensity for BAG3P209L (Fig. 2A). In line with these predictions, purified 
recombinant BAG3P209L -but not BAG3WT- stains positively for thioflavin-T (Fig. 
2B). Other hydrophobic mutations at position 209 led to similar results while non-
hydrophobic substitutions did not stain for thioflavin-T (Fig. S2A,B), indicating 
that a hydrophobic amino acid at position 209 is sufficient to drive a higher β-
sheet propensity of BAG3. Importantly, CD analysis revealed that recombinant 
BAG3P209L is properly folded (Fig. 2C) and thus does not aggregate in vitro. Yet, 
in contrast to the largely monomeric BAG3WT, BAG3P209L displayed an increased 
propensity to form oligomers (Fig. 2D). The same is true for all hydrophobic 
mutations at position 209 (Fig. S2C,D) and corresponds to reduced HSPB-binding 
(Fig. S2E,F). Consistent with these in vitro data, analyses of detergent-soluble 
cell lysates on sucrose gradients reveal that ectopically expressed BAG3P209L 
sediments at higher densities than BAG3WT, corresponding to an oligomeric state 
of Bag3P209L (Fig. 2E). 
 Subsequently, we asked whether this oligomerization of BAG3P209L impaired 
its NEF function. However, contrary to our expectations, the ability of BAG3P209L 
(Fig. 2F) and all other hydrophobic mutations at 209 (Fig. S2G,H) to bind to 
Hsp70 was unaffected in vitro. Likewise, the P209L mutation did neither affect 
BAG3 effects on HSP70-ATPase activity nor on HSP70-client release rates (Fig. 
2G-I).  
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Figure 2: BAG3P209L forms small oligomers, but is not misfolded and not 
impaired in its function as NEF for Hsp70. (a) PREFOLD β-sheet prediction. (b) ThT 
fluorescence of BAG3WT and BAG3P209L. (c) CD folding of BAGG P209L. (d) BAG3WT and 
BAG3P209L-binding to Hsp27C. (e) Fractionation of cells expressing FLAG-BAG3wt or FLAG-
BAG3P209L over a sucrose gradient. Western blot against BAG3 and GAPDH is shown. (f) 
(g) BAG3WT and BAG3P209L ATP-FAM release. (h) ATPase activity of BAG3WT and 
BAG3P209L. (i) HLA-FAM substrate release activity of BAG3WT and BAG3P209L. 
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Since neither loss of HSPB-binding, nor loss of HSP70-binding, or impaired 
NEF function were associated with BAG3P209L-dysfunction, we decided to 
generated a series of BAG3 single and double mutants by deleting the WW-, 
PxxP-, or BAG-domain alone or in addition to the P209L mutation (Fig. S3A). 
Expression of neither single domain deletion (BAG3ΔWW, BAG3ΔPxxP, or BAG3ΔBAG) 
resulted in punctae-formation or BAG3-insolubilization (Fig. 3A-C; Fig. S3B). 
However, expression of the BAG3P209L-ΔWW and BAG3P209L-ΔPxxP double mutants 
were associated with punctae-formation similar to the effects of the BAG3P209L 
single mutant (Fig. 3A-C; Fig. S3B). These results imply that interactions with 
BAG3- binding partners, such as synaptopodins (WW domain)20 and SH3 domain 
containing proteins (e.g. dynein motors; PxxP-motif)21, are not involved in  
BAG3P209L–related aggregation. Surprisingly, however, despite Hsp70-binding and 
NEF functions being largely unaffected by the BAG3P209L-mutation (Fig. 2), 
expression of the BAG3P209L-ΔBAG did not result in P209L-associated punctae-
formation and insolubilization (Fig. 3A-C; Fig. S3B). In vitro data confirmed that 
deletion of the BAG3 domain -but not of the WW or PxxP domains- results in the 
loss of Hsp70 binding (Fig. S3C,D) while preserving HSPB-binding (Fig. S3E,F). 
Further, cellular immunoprecipitation experiments confirmed the loss of Hsp70 
binding solely upon deletion of the BAG domain (Fig. 3D).  

The requirement of HSP70 interaction for BAG3P209L aggregation was 
confirmed by experiments with a single point mutant in the BAG domain (R480A) 
that abrogates BAG-Hsp70 interaction (Fig. 3D).22 Indeed, the BAG3P209L-R480A 
double mutant did neither result in insolubilization (Fig. 3E), nor in punctae-
formation (Fig. 3A,B). Also experiments with two small molecules, YM01 and 
JG98, which specifically impair Hsp70-BAG3 interaction (Fig. 3F) by stabilizing 
the ADP-bound form of Hsp70, confirmed that Hsp70 interaction is required for 
BAG3P209L-insolubilization.23 Both these compounds reduced the BAG3P209L-
associated insolubilization in dose dependently (Fig. 3G,H), whilst a non-effective, 
structural similar drug did not affect BAG3P209L-solubility (data not shown). 
Despite its apparent normal action as a NEF, these data conclusively demonstrate 
that HSP70 binding is required for BAG3P209L-aggregate formation.  
 To sort out this apparent controversy, we tested the functionality of the 
Hsp70 machine in the presence of either BAG3WT or BAG3P209L by measuring 
Hsp70-dependent refolding of chemically denatured luciferase in vitro. Adding 
increasing concentrations of BAG3WT to the DNAJ/HSP70/luciferase mixture  
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Figure 3: BAG3P209L aggregation requires Hsp70 interaction. (a) 
Immunofluorescence images of HeLa cells expressing FLAG-BAG3wt and indicated mutants 
using an antibody recognizing BAG3 (green). (b) Quantification of the fraction of cells with 
immunofluorescence detectable punctae (2 experiments, at least 100 cells were counted 
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per experiment). (c) Western blot of the NP-40 insoluble fraction of cells expressing BAG3 
wt and indicated variants of BAG3. (d) Immunoprecipitation of FLAG-BAG3 variants from 
cells expressing both Myc-HSPB8 and indicated FLAG-BAG3 variants. (e) Western blot of 
NP-40 soluble and insoluble fractions of cells expressing indicated BAG3 variants; FLAG 
(BAG3), Myc (HSPB8) and tubulin antibodies were used. (f) Western blot of 
immunoprecipitates using anti FLAG beads from HEK293 cells expressing both FLAG-
BAG3P209L and Myc-HSPB8 in cells treated with either 0.5 μM JG-98, 5 μM YM-01 or DMSO; 
FLAG (BAG3), Myc (HSPB8), HSPA1A and actin antibodies were used. (g, h) Western blot 
of NP-40 soluble and insoluble fractions of cells expressing both FLAG-BAG3P209L and Myc-
HSPB8, treated with DMSO or increasing concentration of the drug JG-98 (0.25, 0.5 or 1.0 
μM) (g) or YM-01 (1.25, 2.5, 5.0 or 10 μM)(h). 

gradually enhanced the yield of luciferase folding (Fig. 4A) comparable to other 
BAGs.9 In contrast, BAG3P209L was unable to stimulate Hsp70-mediated luciferase 
refolding (Fig. 4A). In living cells, NEF levels are at a near to optimal 
concentration and further increases in expression-levels through ectopic 
expression generally reduces the cellular folding capacity.24 However, expression 
of BAG3P209L reduced HSP70-folding capacity even further, whereas the additional 
mutation in the BAG domain alleviated these effects (BAG3P209L-R480A, Fig. 4B). 
Albeit not being kinetically affected, the cellular and in vitro data conclusively 
suggest that BAG3P209Lmediated -substrate release is not functionally productive 
(Fig. 2). 

BAG3 has been found to redirect ubiquitinated Hsp70-clients from the 
proteasome to the autophagy-lysosome system for degradation under conditions 
of proteasomal stress.25 During this process, termed BAG-induced proteasome to 
autophagy switch and sorting (BIPASS), ubiquitinated Hsp70-clients, BAG3, and 
Hsp70 temporarily localize to p62/LC3-positve punctae before being degraded 
by autophagy.25 Intriguingly, the punctae formed by BAG3P209L under non-stress 
conditions stain positive for p62, but not LC3 (Fig. 4C), suggesting that 
BAG3P209L remains partially functional in initiating BIPASS, but that adequate 
HSP70/HSPB-client processing is somehow impaired. Both, BAG3WT and BAG3P209L 
indeed caused an increase in the LC3-II:LC3-I ratio (Fig. 4D,E) as found before for 
BAGWT.19 However, compared to BAG3WT, the BAG3P209L-ability to support the 
disposal of protein aggregates initiated by polyglutamine (polyQ) was much 
reduced (Fig. 4F,G; FigS4A).26 This indicates that cargo-delivery to the 
autophagic system is impaired in BAG3P209-expressing cells. In line with this 
hypothesis, BAG3P209L expression led to the accumulation of ubiquitin-positive 
punctae that co-localized with BAG3P209L (Fig. 4H,I). Moreover, NP40-insoluble 
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ubiquitinated proteins accumulated upon BAG3P209L-expression (Fig. 4J).25 To 
further investigate whether BAG3P209L affects the disposal of proteasomal clients, 
we co-expressed the proteasomal reporters Ub-R-GFP (degraded by the 
proteasome via the N-end-rule pathway) and GFP-ODC (degraded by the 
proteasome via ubiquitin-independent pathways27) with BAGWT or BAG3P209L. 
Expression of BAG3WT led to small increases in both reporters (Fig. 4K), which 
reflects its role in the re-routing of proteasomal HSP70-clients to 
autophagosomes.25 Mirroring its effects on endogenous ubiquitin, BAG3P209L 
dramatically increased the levels of both reporters and BAG3P209L -but not 
BAG3WT- and led to their insolubilization (Fig. 4K). Experiments using a cell line 
stably expressing yet another reporter, Ub-G76V-YFP (degraded via the UFD-
pathway),28 showed qualitatively similar results (Fig. 4I). Comparable to 
BAG3P209L-insolubilization (Fig. 1), the BAG3-IPV mutants BAG3ΔIPV1ΔIPV2 and 

BAG3ΔIPV1P209L did not lead to the insolubilization of ubiquitinated proteins and 
their accumulation in BAG3P209L punctae and to relatively less insolubilization and 
punctae formation of ubiquitinated proteins than BAG3P209L, respectively (Fig. 
S4C,D). In addition to abrogating punctae formation (Fig. 3), deletion of the BAG 
domain (but not the WW or PxxP domain) in the background of the P209L 
mutation negated BAG3P209L effects on insolubilization of ubiquitinated proteins 
(Fig. S4E) and their accumulation into BAG3P209L punctae (Fig. 4I).  

In addition, the BAG3P209L-R480A double mutant neither led to the 
insolubilization of ubiquitinated proteins (Fig. 4L) nor to the accumulation and 
precipitation of the UFD reporter (Fig. S4B); the drugs JG98 and YM01 
counteracted the effects of BAG3P209L on insolubilization of ubiquitinated proteins 
(Fig. S4F,G). Withal, these results indicate that BAG3P209L leads to a general 
impairment of processing ubiquitin-tagged, HSPB- or/and HSP70- bound proteins.  

How the accumulation of aggregates in cells can lead to toxic effects has 
been a matter of dispute for many years and may involve several, perhaps parallel 
acting, events.29 One consequence of aggregation is the sequestration of 
components of the protein quality control systems, which leads to a vicious and 
progressive decline in protein homeostasis that subsequently impairs many 
cellular functions and eventually results in cell death.29 Indeed, upon expression 
of BAG3P209L, we found several HSPs (HSPA1A, HSPA8, HSPB1, HSPB8, DNAJB1, 
and DNAJB6: Fig 5A), albeit not all HSPs tested (HSPB5 and HSPA6), to be 
enriched in the same detergent-insoluble fraction as BAG3P209L and ubiquitinated  



BAG3P209L: Hsp70 disturbances cause a collapse in PQC 
 

 

Ch
ap

te
r 5

 



1138 
 

 

 
Figure 4: BAG3P209L mutant is partial ly dysfunctional as Hsp70 co-chaperone. 
(a) NP-40 solubility of BAG3WT and indicated BAG3-mutants. (b) Relative luciferase 
folding capacity of HEK293 cells expressing HSPB8 and BAG3WT or indicated mutants of 
BAG3. Luciferase levels were normalized to those in cells expressing BAG3WT. Data 
represents the mean and standard error of two independent experiments. (c) 
Immunofluorescence pictures of HeLa cells expressing FLAG-BAG3WT or FLAG-BAG3P209L 
using antibodies against BAG3 (green: both left and right panel), p62 (red: left panel) or 
LC3 (red: right panel). (d) Induction of autophagy in cells expressing empty vector, FLAG-
BAG3WT or FLAG-BAG3P209L; cells were treated with NH4Cl and Leupeptin or not. Western 
blot against the indicated antibodies is shown. (e) Quantification of autophagy induction 
of experiments similar to d. Relative LC3 proteins levels are shown. Data represents the 
mean and standard deviation of three independent experiments. (f) Suppression of GFP-
HttQ74 aggregation of cells expressing a control, FLAG-BAG3WT or FLAG-BAG3P209L. 
Western blot against indicated antibodies is shown. (g) Quantification of GFP-HttQ74 
aggregation of experiments similar to f. Relative percentage of SDS-insoluble protein levels 
are shown. Data represents the mean and standard deviation of three independent 
experiments. (h) Immunofluorescence pictures of HeLa cells expressing FLAG-BAG3WT or 
FLAG-BAG3P209L using antibodies against BAG3 (green) or ubiquitin (red). (i) Quantification 
of the percentage of cells with BAG3 aggregates (green) and percentage of cells with 
BAG3 aggregates that co-localize with ubiquitin (red). Cells expressed HSPB8 and BAG3 or 
the indicated variants of BAG3. Data represents the mean and standard deviation of two 
independent experiments at least 100 cells were counted per experiment. (j) Fractionation 
of HEK293 cells expressing a control, FLAG-BAG3WT or FLAG-BAG3P209L. Western blot 
against FLAG (BAG3), ubiquitin, GAPDH and H2A are shown. (k) Fractionation of HEK293 
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cells expressing HSPB8, a control or BAG3WT or BAG3P209L, together with either Ub-R-GFP 
or GFP-ODC (ornithine decarboxylase). Western blot against GFP, FLAG (BAG3), Myc 
(HSPB8) and tubulin are shown. (l) Fractionation of cells expressing HSPB8 and indicated 
BAG3 variants. Western blot using ubiquitin (FK2) and tubulin antibodies are shown. 

proteins (Fig. 5A), co-localizing with the BAG3P209L-punctae (Fig. 5B,C). This co-
aggregation was exclusively dependend on BAG3P209L-HSP70 interaction (Fig. 
5A,C; Fig. S5A). Although NEFs and DNAJs are HSP70-co-chaperones, the general 
idea is that they bind to HSP70 during different phases in the ATP cycle (DNAJs 
to the ATP-bound state, NEFs to the ADP-bound stage). Indeed, the recruitment 
of both DNAJB1 and DNAJB6 into the aggregates is independent of the J-domain 
(Fig. 5D) and thus independent of the DNAJ-HSP70 interaction. These findings 
imply that these (co)chaperones are most likely recruited to substrates that are 
trapped in the BAG3P209L-punctae after release, when they became insoluble. In 
line with such a secondary trapping model, only the DNAJ isoform of DNAJB6 (26 
KDa) that is cytosolic and nuclear became insoluble in BAG3P209L-expressing cells, 
while the exclusively nuclear isoform (40 KDa) remained soluble (Fig. 5A).  

To assess whether trapping of these chaperones indeed exerts negative 
effects on their cellular functions, we tested the ability of DNAJB6b to suppress 
polyQ aggregation in the background of BAG3WT or BAG3 mutants.30,31 Whereas 
BAG3WT can reduce aggregation initiated by short polyQ43 expansions (Fig. 4E)26, 
it cannot reduce aggregation initiated by long polyQ119 fragments (Fig. 5E). 
DNAJB6 co-expression alone almost completely suppresses polyQ119 aggregation 
(Fig. 5E),30,31 however, in line with a dominant negative effect on the function of 
other chaperones, co-expression of BAG3P209L -but not BAG3WT or BAG3P209L-R480A- 
inhibited DNAJB6-mediated anti-aggregation (Fig.5E). 

To address the question if and how endogenous BAG3P209L results in similar 
phenotypes, we performed experiments with fibroblasts derived from a BAG3P209L 
mutation carrier. Endogenous expression of BAG3 is low in most cell types, 
including fibroblasts, which may be why spontaneous BAG3P209L-related punctae 
were not observed in patient fibroblasts (Fig. 5F). BAG3 is the only stress-
inducible BAG-protein10 and is up-regulated by a variety of stress signaling 
cascades that overwhelm the capacity of the proteasome, including its chemical 
inhibition.25 Correspondingly, short bortezomib treatment of BAG3P209L mutation 
carrier-derived fibroblasts -but not of fibroblasts derived from donors without the 
mutation- led to the formation of persistent BAG3 punctae (Fig. 5F,G).  
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FFigure 5. BAG3P209L aggregates sequester chaperones in an HSP70-binding 
dependent manner. (a) Fractionation of HEK293 cells expressing Myc-HSPB8 and BAG3 
variants. Western blots using the indicated HSP antibodies is shown. (b) 
Immunofluorescence pictures of HeLa cells expressing FLAG-BAG3P209L. Cells were stained 
with the indicated antibodies for staining endogenous chaperones except HSPB8. (c) 
Quantification of the percentage of cells with aggregates and cells with aggregates that 
colocalize with the indicated chaperones. Data represents the mean and standard 
deviation of two independent experiments (at least 100 cells were counted per 
experiment). (d) Immunofluorescence pictures of HeLa cells expressing BAG3 WT or 
BAG3P209L (upper row in green) with V5-DNAJB6bWT or V5-DNAJB6bH32Q (middle row in 
red). (e) Filter trap assay of cells expressing HttQ119-YFP together with Tetracyclin-
inducible DNAJB6b and the indicated FLAG-BAG3 variants. Western blot using a GFP 
antibody is shown. (f) Immunofluorescence picture of primary control or BAG3P209L patient 
fibroblasts. Cells were either untreated, treated for 6 hours with bortezamib followed by a 
20 hour recovery or treated for 6 hours with bortezamib followed by a 20 hour recovery 
in the presence of 0.05 μM JG98. Arrows indicate BAG3-punctae. 
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Co-treatment of BAG3P209L fibroblasts with bortezomib and YM01/JG98 reduced 
the frequency of persistent punctae (Fig. 5F,G).  

Withal, our data have shown that minimal disturbances in the functionality of 
the Hsp70 machine can have devastating effects on cellular functioning. The 
BAG3P209L mutant, which causes a childhood onset fulminant form of MFM and 
DCM with childhood age of onset,13–16 is properly folded, fully capable of binding 
HSP70 and of functioning as NEF for HSP70, but slightly impaired in the proper 
processing of HSP70-bound clients. This subtle primary defect is associated with 
BAG3P209L-oligomer formation and leads to a dramatic secondary disruption of the 
normal protein homeostasis by trapping crucial chaperones via the interaction 
with Hsp70 through the BAG-domain. Remarkably, these (secondary) trapped 
chaperones become partly non-functional, which is exemplified by the BAG3P209L-
effects on DNAJB6 function. Intriguingly, just like BAG3 mutations, mutations in 
DNAJB6 have been linked to myopathies.32,33 

 The selective sensitivity of skeletal and cardiac muscle cells to BAG3 
mutations may be linked to the fact that BAG3 is constitutively expressed at low 
levels in most tissues. Stress situations that overload the proteasome specifically 
increase BAG3 levels -but not other BAGs10- thereby enabling cells to re-route 
the proteasomal clients to autophagosomes.25 Muscle cells are repeatedly 
exposed to cellular stress (e.g. mechanic stress from exercise) that may cause 
BAG3 levels to rise to high enough levels that the primary defects of mutant like 
BAG3P209L may start to have an impact. Amongst the BAGs, BAG3 has the 
highest binding-affinity for Hsp70s,9 which implies that small increases in BAG3 
may suffice to initiate the negative cascade described here; the data on patient-
derived fibroblasts provides a proof-of-concept for this idea. Most importantly, 
we show that drugs specifically interfering with BAG3-Hsp70 binding can not only 
attenuate this cascade but also minimize its toxic downstream effects. These 
drugs have been tested in the concept of cancer and were shown to have 
minimal negative effects on otherwise healthy cells9 and thus have the potential 
to serve as therapeutic treatment in BAG3-related myopathies.  
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MMaterials and Methods 

Recombinant proteins and constructs  
Plasmids encoding myc-tagged human HSPB834 and peGFP-HDQ74, which was kindly 
provided by Dr. D.C. Rubinsztein were described before.43 FLAG-BAG3 WT and P209L 
constructs were kindly provided by Dr. S. Takayama. The primers and plasmids used in this 
study are listed in Supplementary TTable S1 and Supplementary TTable S2. To generate 
Flag tagged human BAG3 (pcDNA3 FLAG-BAG3), BAG3 delta BAG (pcDNA3 FLAG-BAG3 
ΔBAG), and BAG3 delta PxxP (pcDNA3 FLAG-BAG3 ΔPxxP), the BAG3 encoding sequences 
of the following constructs were amplified by polymerase chain reaction (PCR) with 
Phusion polymerase, purified by agarose gel electrophoresis and ligated to EcoRI and XhoI 
digested pcDNA FLAG-Parkin: BAG3 (pCN His-BAG3), BAG3 ΔBAG (pCN His-BAG3 ΔBAG) 
and BAG3 ΔPxxP (pCN His-BAG3 ΔPxxP). Using specific primers, the P209L mutation was 
introduced into Flag-tagged BAG3 constructs with the Pfu turbo DNA polymerase site 
directed mutagenesis kit to generate the following constructs: BAG3P209L (pcDNA3 
FLAG-BAG3P209L), BAG3 delta BAG P209L (pcDNA3 FLAG-BAG3 ΔBAG P209L), BAG3 
delta PxxP P209L (pcDNA3 FLAG-BAG3 ΔPxxP P209L), BAG3 delta WW (pcDNA3 FLAG-
BAG3 ΔWW), and BAG3 delta WW P209L (pcDNA3 FLAG-BAG3 ΔWW P209L). BAG3 IPV1 
(pcDNA3 FLAG-BAG3 IPV1 AAA), BAG3 IPV2 (pcDNA3 FLAG-BAG3 IPV2 AAA), BAG3 IPV1 
P209L (pcDNA3 FLAG-BAG3 IPV1 AAA P209L), and BAG3 IPV1 IPV2 (pcDNA3 FLAG-BAG3 
IPV1 AAA IPV2 AAA) were constructed in a similar fashion; all constructs were sequence 
verified.  
 
Antibodies and reagents 
Antibodies (dilutions are indicated in brackets for western blot (WB), immunofluorescence 
(IF) or immunoprecipitation (IP)) against FLAG (Sigma, clone M2; Sigma, produced in 
Rabbit, IP 3ul/sample, IF 1:100, WB 1:1000), FLAG (Sigma, clone M2; Sigma, M, Wb 
1:1000, IF 1:200), ubiquityl-histone H2A (Millipore, clone E6C5), ubiquitin (Norvus 
Biologicals, FK2, M, WB 1:1000, IF 1:1000; Dako WB ), K48-linkage specific polyubiquitin 
(Enzo lifesciences, WB 1:1000), K63-linkage specific polyubiquitin (Cell Signalling, clone 
D7A11, 1:1000), myc (MBL, clone PL14, WB 1:3000, IF 1:100), HSC70 (Stressgen, WB 
1:5000, IF 1:100), HSC70 (Stressmarq biosciences), HSP70 (Stressgen, clone SPA-810, 
WB 1:1000, IF 1:50), HSPA1A (Enzo life sciences, cloneXXX, Rb, dilution?), HSPB1 
(Stressmarq biosciences), GAPDH (Fitzgerald, clone 6C5, WB 1:50000), histone H2A 
(Abcam, WB 1:5000), MYC (Clonetech, Mountain View, CA, USA), DNAJB1/Hsp40 
(Stressgen, San Diego, CA, USA, Rb, dil) were used.  

MG132 (20uM for 3-6 hours), rapamycin, Pepstatin A (10ug/ml), E64d 
(10ug/ml), 3-Methyladenine (3-MA, 10mM) ammonium chloride (NH4Cl, 20mM) were from 
sigma. 



1144 
 

 

Cell culture and transfection 
Standard cell culture techniques were used. HeLa (human cervical cancer), HEK293, and 
HEK293T (human embryonal kidney) cells were grown at 37C° and 5% CO2 in Dulbecco’s 
modified Eagle’s medium with high glucose supplemented with 10% fetal calf serum and 
1% penicillin/streptomycin (Gibco). Cell lines stably expressing GFP-ubiquitin (Dantuma) 
were generated by transfecting GFP-ubiquitin into HEK293-cells with lipofectamine using 
standard procedures.30 HEK293T and HeLa-cells were transfected with calcium phosphate 
precipitation, as previously described;44 for higher efficiency in immunofluorescence 
experiments, HEK293 and HeLa cells were transfected with lipofectamine (Invitrogen) or 
polyethylenimine (PEI) (Sigma-Aldrich, St Louis, MO, USA) according to manufacturer’s 
protocols.  
 
Protein-pull down 
For immunoprecipitation, cells were lysed on ice in IP lysis buffer 24 hours post 
transcriptional activation (buffer: 60/80mM KCl, 50mM HEPES pH 7.5, 1.5 mM MgCl2, 
0,4% Nonidet P-40, 10/3% glycerol, 0.5mM DTT, complete EDTA-free (Roche Applied 
Sciences) and 10mM NEM). Cell lysates were homogenized by passing lysates 5/6 times 
through a 26G needle and the total or ‘whole cell lysate’ was collected. Lysates were 
centrifuged at maximum speed for 15 minutes at 4C°° in order to separate the supernatant 
(input or solube fraction) from the pellet fraction (insoluble fraction). In the meanwhile 
magnetic beads complexed with FLAG-antibodies (14ul beads/sample; Sigma, FLAG M2, 
clone) were washed with IP lysis buffer. Pellet fractions were resolubilized with 2%SDS 
buffer containing betamercapthoethanol, boiled and stored for future use. Co-
immunoprecipitation was performed by adding the input fraction onto the washed 
magnetic beads and incubating them at slow rotation (5RpM) for at least 2 hours at 4C°°. 
The first wash was performed using the IP-volume in lysis buffer and a magnetic stand. In 
between washes, beads were incubated on the rotator for 5 minutes at slow rotation at 
4C°°. Further 3 washes were performed in a similar way using 1ml of IP lysis buffer. During 
the last wash, beads were transferred into new cups and washed with IP lysis buffer 
without detergent. Proteins were eluted using ½ volume 2%SDS buffer and ½ volume 
4x2%SDS buffer and 10% betamercapthoethanol. Samples were kept on ice until they 
were boiled for 5 minutes. Co-immunoprecipitated proteins and input fractions were 
resolved on SDS-PAGE the same day as the IP was performed. 
 
Fractionations 
Protein measurement was performed using the nanophotometer (company), protein 
content was equalized and equal amounts of volume and protein were used for subsequent 
fractionation. SDS fractionation was performed as previously described.45 For NP40 
fractionations, cell-pellets were resuspended in NP40 fractionation buffer (Fractionation 
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buffer: 50 mM HEPES, pH 7.4, 2 mM MgCl2, 60 mM KCl, 0.4% NP-40, 10% glycerol, 
complete EDTA-free (Roche, 11873580001) and 10 mM NEM). The cell extracts were 
homogenized by sonication for 5 seconds. NP-40 soluble and insoluble fractions were 
separated by centrifugation at 14,000 RPM for 20 min at 4°C. Whole cell lysates (pre-
centrifugation), soluble (supernatant, post-centrifugation) and insoluble fractions (pellet 
fraction, post-centrifugation) were captured, supplied with SDS, boiled and resolved on 
SDS-PAGE. 
  
Western Blotting 
Following the preparation of protein samples, proteins were resolved by SDS-PAGE, 
transferred to nitrocellulose membrane and processed for Western blotting. Primary 
antibodies (at concentrations mentioned above) were prepared in 3% BSA/PBSTween, 
secondary antibodies (Invitrogen, horse peroxidase conjugated IGG or IGM) in 5% 
milk/PBSTween. For visualization membranes were incubated with ECL western blotting 
substrate (Pierce, cat. No. 32106) for 2 minutes and developed (Sigma, cat. No. P7042-
1GA) and fixed (Sigma, cat. No. P7167-1GA) using luminescent films (Amersham 
hyperfilm, GE-healthcare, cat. No. 28906837).  
 
Immunofluorescence 
HeLa cells were seeded on poly-D-lysine coated glass slides and fixed 48 hrs post-
transfection48 hours post transfection HeLa cells were washed once with PBS (Gibco) and 
fixed with 2% formaldehyde (Sigma-Aldrich, St Louis, MO, USA) for 15 minutes at room 
temperature with 2% paraformaldehyde for 15 minutes. Fluorescent staining’s were 
performed as previously described.46 Primary antibody incubation was performed overnight 
at 4C° in a humid chamber and Alexa-conjugated dyes (Invitrogen, Carlsbad, CA, USA; 
Alexa Fluor 488 goat-anti-Rabbit, Alexa Fluor 488 donkey-anti-Rabbit, Alexa Fluor 594 
goat-anti-Rabbit, Alexa Fluor 594 donkey-anti-Rabbit, Alexa Fluor 488 goat-anti-mouse, 
Alexa Fluor 594 goat-anti-mouse, Alexa Fluor 594 chicken-anti-rat) were applied for 1.5 
hrs at room temperature to visualize primary antibodies. Nuclear counterstaining was 
perfomed with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) or Hoechst 33258 for 5 
minutes, and samples were and embedded in glycerol (CitiFluor, Agar Scientific).  
 
Imaging 
Immunofluorescence (IF) images were captured using confocal laser scanning microscope 
(Leica TCS SP8) with a 63X/1.40 objective lens. Z-stack images were obtained to check 
for the aggregates in different Z-planes. Quantification of the aggregates in various 
mutants was carried out manually using Leica DM6000 microscope. Imaris, photoshop, and 
Image J software was used for image processing. 
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Supplementary materials 

Supplementary Table S1: Primers used for cloning E.coli strains in this study 

Primer Sequence 

Bag3 EcoRI F 
TACTACGAATTCTATGAGCGCCGCCACCCAC
TCGC 

bag3_revers
e_XhoI 

GTAGTACTCGAGCTACGGTGCTGCTGGGTTA
CCAGG 

BAG3P209L 
For 

GGTACATCTCCATTCTGGTGATACACGAGC 

BAG3P209L 
Rev 

GCTCGTGTATCACCAGAATGGAGATGTACC 

Bag3 dWW 
For 

CCCAAGGAGACTCCATCCTCTGCCAATG 

Bag3 dWW 
Rev 

CAAAGGGTCGCGGTCACCGTTGCCG 

dBag VtoA 
For 

CATGATGCAGGTGGCGTCCGGCAACGGTG 

dBag VtoA 
Rev 

CACCGTTGCCGGACGCCACCTGCATCATG 

Bag3 dIPV1 
for 

CCAGGCTACATTGCCGCTGCTGTGCTCCATG
AAG 

Bag3 dIPV1 
rev 

CTTCATGGAGCACAGCAGCGGCAATGTAGCC
TGG 

Bag3 dIPV2 
for 

GTACATCTCCGCTGCGGTGATACACGAGC 

Bag3 dIPV2 
rev 

GCTCGTGTATCACCGCAGCGGAGATGTAC 

CMV For CGCAAATGGGCGGTAGGCGT 

Rev CMV ACAGTGGGAGTGGCACCTTC 

Bag3 nt623 CGGTGATACACGAGCAGAAC 

T7 promoter 
For 

TAATACGACTCACTATAGG 
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SSupplementary Table S2: Plasmids used in this study 

Plasmid DDescription RRef. 

pcDNA3 FLAG-
Parkin 

pcDNA containing FLAG tagged human 
Parkin, AmpR 

Christi
an Behl 

pCIN His-BAG3 
pCINeo containing His tagged human BAG3, 
AmpR 

Serenn
a carra 

pCIN His-
BAG3ΔBAG 

pCINeo containing His tagged human BAG3 
with BAG domain deletion, AmpR 

Serenn
a carra 

pCIN His-
BAG3ΔPxxP 

pCINeo containing His tagged human BAG3 
with PxxP domain deletion, AmpR 

Serenn
a carra 

pCIN Myc-HspB8 
pCINeo containing Myc tagged human HspB8, 
AmpR 

Serenn
a carra 

pcDNA3 FLAG-
BAG3 

pcDNA3 containing FLAG tagged human 
BAG3, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3P209L 

pcDNA3 containing FLAG tagged human 
BAG3 with P209L point mutation, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔBAG 

pcDNA3 containin FLAG tagged human BAG3 
with BAG domain deletion, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔBAG P209L 

pcDNA3 containing FLAG tagged human 
BAG3 with BAG domain deletion and P209L 
point mutation, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔPxxP 

pcDNA3 containing FLAG tagged human 
BAG3 with PxxP domain deletion, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔPxxP P209L 

pcDNA3 containing FLAG tagged human 
BAG3 with PxxP domain deletion and P209L 
point mutation, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔWW 

pcDNA3 containing FLAG tagged human 
BAG3 with WW domain deletion, AmpR 

This 
study 

pcDNA3 FLAG-
BAG3 ΔWW P209L 

pcDNA3 containing FLAG tagged human 
BAG3 with WW domain deletion and P209L 
point mutation, AmpR 

This 
study 
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Figure S1. (a) BAG3-binding of Hsp27, Hsp27-mutants, αβ-crystallin , Hsp20, and Hsp22. (b) 
Molecular weight of Hsp27c, BAG3, and Hsp27. (c) BAG3-binding of indicated BAG3 mutants. (d) 
NP40-solubility of BAG3WT and BAG3P209L. (e) Cellular BAG3WT and BAG3P209L distribution of 
detergent-resistant BAG3. (f) Schematic overview of experimental BAG3-mutants.  (g) NP40-soluble 
fraction of BAG3WT and indicated experimental BAG3-mutant. 

Before 
detergent

After 
detergent
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Figure S2. (a) BAG3-binding of Hsp27, Hsp27-mutants, αβ-crystallin , Hsp20, and Hsp22. (b) 
Molecular weight of Hsp27c, BAG3, and Hsp27. (c) BAG3-binding of indicated BAG3 mutants. (d) 
NP40-solubility of BAG3WT and BAG3P209L. (e) Cellular BAG3WT and BAG3P209L distribution of 
detergent-resistant BAG3. (f) Schematic overview of experimental BAG3-mutants.  (g) NP40-soluble 
fraction of BAG3WT and indicated experimental BAG3-mutant. 
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Figure S3. (a) Schematic representation of BAG3WT and experimental BAG3-domain replacements. 
(b) Cellular BAG3-distribution in mammalian cells transfected with BAG3WT and indicated BAG3-
domain replacements. (c) BAG3-binding of BAG3WT and indicated BAG3-domain replacements. (d) 
ITC stoichiometry of BAG3WT and indicated BAG3-domain replacements to BAG3. (e) Hsp27-binding 
of BAG3WT and indicated BAG3-domain replacements. (f) ITC stoichiometry of BAG3WT and indicated 
BAG3-domain replacements to Hsp27. 
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Figure S4. (a) GFP-HttQ23- and GFP-HttQ74-accumulation following BAG3WT and BAG3P209L–
transfection. (b) NP40-solubility of BAG3WT and BAG3P209L with and without R480-mutation 
following. MG132 was used as a control. (c) NP40-solubility of ubiquitin following cellular transfection 
with BAG3WT and BAG3-domain replacements. (d) Percentage of cells with aggregates co-localizing 
with ubiquitin following the transfection of BAG3-domain replacements. (e) NP40-solubility of 
ubiquitin following transfection with BAG3 and BAG3 domain-replacements. (f) NP40-solubility of 
ubiquitin following BAG3P209L–transfection in combination with JG98-treatment. DMSO was used as 
control treatment. (g) NP40-solubility of ubiquitin following BAG3P209L–transfection in combination 
with YM01-treatment. DMSO was used as control treatment. 
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Figure S5. (a) NP40-insoluble fraction of cells transfected with BAG3WT or BAG3-domain-
replacements. (b) Co-aggregation of BAG-domain replacements with HSPB5 and HSPA6. (c) Cellular 
localization of ubiquitin and BAG3 in BAG3P209L and control fibroblasts. 



1154 
 

 

Conflict of interest 

HHK was involved in a regional initiative (SNN project Transitie II & Pieken) called 
ChaperoneAge, a consortium with commercial partners Syncom, ABL, Axon 
MedChem, Nyken, Brains-on-line, Angita Pharma and the RuG/UMCG. HHK and SC 
received research grants from Prinses Beatrix Spierfonds; HHK received grants 
from the Hersenstichting, the High-Q foundation, the Ministry of Economic 
Affaires (senternoven.nl), and the National Ataxia Foundation. SB received grants 
from the Hersenstichting and NWO-ALW. MMB was a graduate student at the 
University Medical Center Groningen at the time the study was conducted and is 
currently employed by PAREXEL International. 

 



BAG3P209L: Hsp70 disturbances cause a collapse in PQC 
 

 

  RReferences 
1. Kampinga, H. H. & Craig, E. A. The HSP70 

chaperone machinery: J proteins as 
drivers of functional specificity. Nat. Rev. 
Mol. Cell Biol. 111, 579–592 (2010). 

2. Bukau, B., Deuerling, E., Pfund, C. & Craig, 
E. A. Getting newly synthesized proteins 
into shape. Cell 1101, 119–122 (2000). 

3. Boncoraglio, A., Minoia, M. & Carra, S. The 
family of mammalian small heat shock 
proteins (HSPBs): implications in protein 
deposit diseases and motor neuropathies. 
Int. J. Biochem. Cell Biol. 444, 1657–1669 
(2012). 

4. Garrido, C., Paul, C., Seigneuric, R. & 
Kampinga, H. H. The small heat shock 
proteins family: the long forgotten 
chaperones. Int. J. Biochem. Cell Biol. 444, 
1588–1592 (2012). 

5. Brehmer, D., Gässler, C., Rist, W., Mayer, 
M. P. & Bukau, B. Influence of GrpE on 
DnaK-substrate interactions. J. Biol. 
Chem. 2279, 27957–27964 (2004). 

6. Polier, S., Dragovic, Z., Hartl, F. U. & 
Bracher, A. Structural basis for the 
cooperation of Hsp70 and Hsp110 
chaperones in protein folding. Cell 1133, 
1068–1079 (2008). 

7. Schuermann, J. P. et al. Structure of the 
Hsp110:Hsc70 nucleotide exchange 
machine. Mol. Cell 331, 232–243 (2008). 

8. Cyr, D. M. Swapping nucleotides, tuning 
Hsp70. Cell 1133, 945–947 (2008). 

9. Rauch, J. N. & Gestwicki, J. E. Binding of 
Human Nucleotide Exchange Factors to 
Heat Shock Protein 70 (Hsp70) 
Generates Functionally Distinct 
Complexes in Vitro. J. Biol. Chem. 2289, 
1402–1414 (2014). 

10. Franceschelli, S. et al. Bag3 gene 
expression is regulated by heat shock 
factor 1. J. Cell. Physiol. 2215, 575–577 
(2008). 

11. Takayama, S. & Reed, J. C. Molecular 
chaperone targeting and regulation by 
BAG family proteins. Nat. Cell Biol. 33, 
E237-241 (2001). 

12. Fuchs, M. et al. Identification of the key 
structural motifs involved in 

HspB8/HspB6-Bag3 interaction. Biochem. 
J. 4425, 245–255 (2010). 

13. Selcen, D. et al. Mutation in BAG3 Causes 
Severe Dominant Childhood Muscular 
Dystrophy. Ann. Neurol. 665, 83–89 
(2009). 

14. Odgerel, Z. et al. Inheritance patterns and 
phenotypic features of myofibrillar 
myopathy associated with a BAG3 
mutation. Neuromuscul. Disord. NMD 220, 
438–442 (2010). 

15. Jaffer, F. et al. BAG3 mutations: another 
cause of giant axonal neuropathy. J. 
Peripher. Nerv. Syst. JPNS 117, 210–216 
(2012). 

16. Konersman, C. G. et al. BAG3 myofibrillar 
myopathy presenting with 
cardiomyopathy. Neuromuscul. Disord. 
NMD 225, 418–422 (2015). 

17. Arimura, T., Ishikawa, T., Nunoda, S., 
Kawai, S. & Kimura, A. Dilated 
cardiomyopathy-associated BAG3 
mutations impair Z-disc assembly and 
enhance sensitivity to apoptosis in 
cardiomyocytes. Hum. Mutat. 332, 1481–
1491 (2011). 

18. Rauch, J. N., Zuiderweg, E. R. P. & 
Gestwicki, J. E. Non-canonical Interactions 
between Heat Shock Cognate Protein 70 
(Hsc70) and Bcl2-associated 
Anthanogene (BAG) Co-Chaperones Are 
Important for Client Release. J. Biol. 
Chem. 2291, 19848–19857 (2016). 

19. Carra, S., Seguin, S. J. & Landry, J. HspB8 
and Bag3: a new chaperone complex 
targeting misfolded proteins to 
macroautophagy. Autophagy 44, 237–239 
(2008). 

20. Ulbricht, A. et al. Cellular 
Mechanotransduction Relies on Tension-
Induced and Chaperone-Assisted 
Autophagy. Curr. Biol. 223, 430–435 
(2013). 

21. Doong, H., Vrailas, A. & Kohn, E. C. 
What’s in the ‘BAG’?--A functional domain 
analysis of the BAG-family proteins. 
Cancer Lett. 1188, 25–32 (2002). 

22. Gentilella, A. & Khalili, K. BAG3 Expression 
in Glioblastoma Cells Promotes 



1156 
 

 

Accumulation of Ubiquitinated Clients in 
an Hsp70-dependent Manner. J. Biol. 
Chem. 2286, 9205–9215 (2011). 

23. Lee, B.-H. et al. Enhancement of 
Proteasome Activity by a Small-Molecule 
Inhibitor of Usp14. Nature 4467, 179–184 
(2010). 

24. Nollen, E. A., Brunsting, J. F., Song, J., 
Kampinga, H. H. & Morimoto, R. I. Bag1 
functions in vivo as a negative regulator 
of Hsp70 chaperone activity. Mol. Cell. 
Biol. 220, 1083–1088 (2000). 

25. Minoia, M. et al. BAG3 induces the 
sequestration of proteasomal clients into 
cytoplasmic puncta: Implications for a 
proteasome-to-autophagy switch. 
Autophagy 110, 116–134 (2014). 

26. Carra, S., Seguin, S. J. & Landry, J. HspB8 
and Bag3: A new chaperone complex 
targeting misfolded proteins to 
macroautophagy. Autophagy 44, 237–239 
(2007). 

27. Hipp, M. S. et al. Indirect inhibition of 26S 
proteasome activity in a cellular model of 
Huntington’s disease. J. Cell Biol. 1196, 
573–587 (2012). 

28. Bowman, A. B., Yoo, S.-Y., Dantuma, N. P. 
& Zoghbi, H. Y. Neuronal dysfunction in a 
polyglutamine disease model occurs in 
the absence of ubiquitin-proteasome 
system impairment and inversely 
correlates with the degree of nuclear 
inclusion formation. Hum. Mol. Genet. 114, 
679–691 (2005). 

29. Kampinga, H. H. & Bergink, S. Heat shock 
proteins as potential targets for 
protective strategies in 
neurodegeneration. Lancet Neurol. 
(2016). doi:10.1016/S1474-
4422(16)00099-5 

30. Hageman, J. et al. A DNAJB chaperone 
subfamily with HDAC-dependent activities 
suppresses toxic protein aggregation. 
Mol. Cell 337, 355–369 (2010). 

31. Kakkar, V. et al. The S/T-Rich Motif in the 
DNAJB6 Chaperone Delays Polyglutamine 
Aggregation and the Onset of Disease in 
a Mouse Model. Mol. Cell (2016). 
doi:10.1016/j.molcel.2016.03.017 

32. Nam, T.-S. et al. A novel mutation in 
DNAJB6, p.(Phe91Leu), in childhood-
onset LGMD1D with a severe phenotype. 
Neuromuscul. Disord. NMD 225, 843–851 
(2015). 

33. Couthouis, J. et al. Exome sequencing 
identifies a DNAJB6 mutation in a family 
with dominantly-inherited limb-girdle 
muscular dystrophy. Neuromuscul. Disord. 
NMD 224, 431–435 (2014). 

34. Carra, S., Sivilotti, M., Chávez Zobel, A. T., 
Lambert, H. & Landry, J. HspB8, a small 
heat shock protein mutated in human 
neuromuscular disorders, has in vivo 
chaperone activity in cultured cells. Hum. 
Mol. Genet. 114, 1659–1669(2005). 

 

 
 
 
 
 
 
 
 
 
 



 
 

 

 



1158 
 

 

 
 
 



 
 

 

  
 

 
CHAPTER 6 

 
Discussion 

 
Melanie Meister-Broekema 

 



1160 
 

 

In the crowded environment of the cell, protein-protein interactions must be 
continuously facilitated. Protein misfolding is a frequent and natural occurrence 
following the emergence of native proteins from ribosomes. Acute stress 
conditions, such as heat shock and mechanical stress, cause protein unfolding 
and activate the heat shock response (HSR), leading to the subsequent up-
regulation of heat shock proteins (HSPs) to increase in the cellular protein quality 
control (PQC) capacity. As discussed in chapter 1, the cellular PQC system 
encompasses a variety of proteins, including various chaperone systems that may 
either direct misfolded or damaged proteins to cellular folding machines (e.g. 
Hsp70- & Hsp90 machines), to short-term storage, or to cellular degradation 
systems (ubiquitin proteasome system, autophagy lysosome system).  
 
1. Client fate;  
Determined competitively rather than sequential ly? 
Traditionally, it has been assumed that folding of misfolded or damaged proteins 
is attempted prior to their redirection to cellular storage or degradation 
systems.1 However, in line with recent findings in the field, the experiments 
presented in thesis continue to indicate that client fate may not only be 
determined by the sequential handling of client proteins by dedicated members 
of folding and degradation machines, but at least also by the chaperone they 
encounter first.2 Multiple factors may influence the likelihood of a client protein 
to encounter specific chaperones; these may be categorized as follows:  
o Client characteristics 

Structural characteristics of the client, including its tertiary structure 
(presence of beta sheets, alpha helices, loops, stretches, grooves), exposed 
hydrophobic or protein-protein interaction surfaces, charges on amino acids, 
and the presence of specific post-translational signalling molecules (e.g. 
ubiquitination, methylation, acetylation) may affect the affinity –or 
accessibility– of client proteins for specific chaperones that either support 
folding or degradation.3  

o Cellular levels of ‘active’ chaperones and supporting complexes  
Expression levels of protein quality control (PQC) components may differ by cell 
type, cell compartment, and cellular stress levels. Their expression levels are 
tightly regulated, not only by transcription factors but also by tertiary proteins or 
protein complexes that may either keep chaperones in an inactive state or are 
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required for the activation of chaperones.4–11 Furthermore, chaperones usually do 
not function alone but in elaborate complexes.9 Therefore, the regulation of the 
assembly of these functional complexes or of the components thereof may be 
rate limiting for certain chaperone functions and thus influence client fate.  

The findings discussed in this thesis support the notion that –together- 
factors underlying client characteristics and the cellular availability of active 
chaperone complexes determine the client’s fate. Interestingly, evidence 
indicates that the expression levels of some of these factors are tightly regulated 
and rate-limiting (e.g. NEF expression levels) in steering client handling, whereas 
others seem to be subject to less strict regulations (e.g. Hsp70-expression 
levels) and only increase overall cellular capacity. Furthermore, our findings in 
Chapter 2 indicate that the presence of certain toxic protein species does not 
effectively activate the PQC system until late in the protein aggregation process, 
at which stage the components of the PQC seem to be insufficient to resolve 
protein aggregation and prevent cell death. Furthermore, as summarized in our 
review in Chapter 3, different sets of chaperones are required to handle different 
disease-associated proteins. Finally in Chapter 5, we showed how a single point 
mutation in BAG3 can lead to subtle biochemical changes in its function that 
have fulminant dominant negative effects on protein homeostasis, eventually 
leading to childhood onset myofibrillar myopathy. 
 
22. NEF selection for Hsp70 machines 
The complex regulation of Hsp70s becomes especially evident for BAGs, which 
serve as nucleotide exchange factors (NEFs) for Hsp70s. In chapter 1, we 
elaborated that the type of NEFs engaged in a Hsp70-machine determines 
whether a client is (re)folded (BAG2, HSPBP1, HspHs), stored (HSPBP1), 
degraded by the UPS (BAG1, BAG2, BAG6), or degraded by autophagy 
(BAG3).2,12–16 Which NEF is engaged might be regulated by the availability of 
NEFs and their affinity for Hsp70, which is higher for BAG3 than for BAG1 or 
other NEFs investigated in an in vitro study.14 Interestingly, BAG3 seems to 
enable cells to redirect proteasomal clients to the autophagy-lysosome system,2 
whereas specific NEF engagement might be related to direct substrate binding 
properties of certain NEF (HSPHs) or via recruitment of specific NEFs via DNAJs in 
other cases. 
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3. BAG3 P209L: Model for pathogenesis   
Interestingly, our results in Chapter 5 showed that a single amino acid mutation in 
BAG3 can lead to small alterations in the processing of ubiquitinated Hsp70-
clients, which has fulminant consequences for cellular PQC. Our findings indicate 
that these effects of the BAG3 P209L mutation, which is located in the second 
IPV-domain, are not related to a decrease in HSPB8-binding affinity. In fact, 
complete loss of HSPB8 binding partially negated the DN effects whereas 
abrogation of Hsp70 completely negated the DN effects meaning that Hsp70 
binding is required for toxicity of the mutant. Interestingly, neither the affinity of 
BAG3 to Hsp70 binding nor BAG3-NEF function was impaired by the P209L 
mutation. Yet, the BAG3 P209L-mutation resulted in defects in Hsp70-client 
processing (primary defect) that seem to culminate in co-sequestration of other 
chaperones and secondary dominant negative effects on overall cellular PQC. 
Below, I will explain this in more detail and propose an integrated model on how 
Bag3 P209L may lead to disease, a model that also questions some aspects of 
the canonical views on the Hsp70 cycle. 
 
3.1 BAG3 P209L; Primary defects  
Besides its functions as NEF for Hsp70, BAG3 up-regulation has also been 
associated with an increased autophagic flux and re-routing of ubiquitinated, 
proteasomal, Hsp70-bound clients to the autophagy lysosome system in a 
process called BAG-induced proteasome to autophagy switch and sorting 
(BiPASS).2 Interestingly, we found that the BAG3 P209L-mutation did not affect 
the BAG3-ability to increase the autophagic flux. Yet, autophagic degradation of 
polyQ aggregates by BAG3 P209L was strongly impaired and its expression led to 
a dramatic increase in cellular (poly)-ubiquitin levels and accumulation of 
ubiquitinated proteins into BAG3 P209L and p62-positive punctate. Still, although 
the autophagic flux was properly induced and autophagosomes were formed, our 
findings showing that LC3 does not co-localize with the BAG3 P209L, Ub-positive 
positive punctae raise the question as to whether ubiquitinated Hsp70-bound 
clients are actually properly processed and/or delivered into autophagosomes.  
Interestingly, recent findings from the Gestwicki-group indeed indicate that, next 
to BAG3-Hsp70-binding, (in)direct binding of BAG3 to the client itself is crucial 
for proper client processing.(Rauch et al., 2016) Improper BAG3-client binding 
may result in improper processing of Hsp70-clients following their release from 
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Hsp70, even under conditions in which BAG3-Hsp70-binding and NEF function are 
unimpaired. Our in vitro data for BAG3P209L (see Chapter 5) also show that its 
function as NEF is unaffected but that luciferase refolding is not supported. 
These findings are consistent with a P209L-associated client-processing defect.  
How and which domain of BAG3 is involved in client binding remains to be 
expounded. Besides direct client binding, also client binding via small HSP 
interactions could be involved (see also 3.3 and Figure 1). 

How impaired client processing by BAG3P209L affects its role in autophagic 
degradation still remains an enigma. It is furthermore unclear whether autophagic 
transport to lysosomes at the MTOC or autophagosomal-lysosomal fusion are 
impaired in addition to cargo delivery, which will be discussed in the following 
paragraphs. 

3.1.1 Does the BAG3 P209L mutation result in impaired autophagosomal 
delivery to MTOC for fusion?  
After cellular cargo is delivered into autophagosomes, these subsequently 
need to be actively transported to the MTOC via ATP-dependent dynein 
motor proteins that are capable of “walking” along microtubules.17,18 It is 
thought that BAG3 also may facilitate transport of autophagosomes 
across these microtubules by binding to dynein through it’s PXXP 
domain.17 The PXXP domain is located adjacent to the second IPV domain 
of BAG3, which is affected by the BAG3 P209L mutation. Although this 
mutation does not directly affect the dynein-binding domain of BAG3, 
little is known about its effects on the secondary structure of BAG3 or on 
its effects on functional BAG3 interactions. Although we did not directly 

investigate dynein-binding in Chapter 5, we found that the BAG3ΔPXXP-
mutant (which did not induce BAG3 P209L-punctae-formation by itself) in 

combination with the BAG3 P209L-mutation (BAG3P209L-ΔPXXPdouble 
mutant) did not resolve punctae-formation. These results indicate that 
impaired binding of BAG3 to dynein (and thus autophagosomal transport) 
is not the likely cause underlying BAG3 P209L-punctae formation. Still, it 
might be important to identify whether binding of BAG3 to dynein is 
impaired, which can be done by performing specific dynein pull-down 
assays and by transfecting cells with fluorescently tagged LC3 and 
tracking the movement of autophagosomes across microtubules. Co-
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staining with vimentin could verify that autophagosomes do not reach the 
aggresomes at the MTOC in cells expressing BAG3 P209L.  

3.1.2 Does the BAG3 P209L mutation result in impaired lysosome delivery?  
Lysosomes accept bio-materials destined for degradation from multiple 
cargo vesicles, including endosomes, phagosomes, and 
autophagosomes.19,20 Next to autophagosomal transport to the MTOC, 
efficient autophagosome-lysosome fusion also requires the transport of 
lysosomes –which are scattered throughout the cytoplasm under resting 
conditions- to the perinuclear region.19,20 As other components of the 
autophagy-lysosome pathway, the number, size, and positioning of 
lysosomes is tightly regulated and adjusted to the constantly-changing 
cellular needs. Although BAG3 has not been directly linked to lysosomal 
transport, it may be worth investigating whether lysosomal number, size, 
and/or transport are affected by BAG3 P209L’s pleiotrophic, dominant 
negative cellular effects. Tools like fluorescent lysosomal membrane 
markers or lysotrackers can be used to investigate whether the cellular 
expression of BAG3 P209L affects lysosomal trafficking in mammalian 
cells.  

3.1.3 Does the BAG3 P209L mutation affect autophagosomal-lysosomal fusion? 
Little is known about the exact processes underlying autophagolysosome-
formation. What is known is that SNARE-complexes and the cortactin-
dependent recruitment of an F-actin network are required for the fusion of 
autophagosomes with lysosomes.21–23 Comparable to what is stated 
above, there is no evidence directly linking BAG3 to autophagosomal-
lysosomal fusion. However, experiments comparing the fluorescent signal 
in mammalian cells co-transfected with BAG3 P209L and mCHERRY-GFP-
LC3 with cells expressing BAG3 WT and mCHERRY-GFP-LC3 could clarify 
whether or not autophagosomal-lysosomal fusion is affected by the 
dominant negative effects of the BAG3 P209L mutation.  

 
3.2 BAG3 P209L; Secondary defects 
The primary defect of BAG3 P209L seems to be related to the processing of 
Hsp70-bound client proteins. However, the consequences of this primary defect 
are manifold and lead to a rapid perpetuating cycle of decline in the overall PQC 
capacity of the cells as summarized below. 
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3.2.1 Does the P209L-mutation lead to a dysregulation of cellular BAG3 protein 
levels? 
In our experiments, we consistently observed that transfection of 
plasmids encoding BAG3 WT or P209L into mammalian cells leads to 
higher BAG3 P209L protein levels than BAG3 WT protein levels. This 
difference, which –based on our in vitro data– is unlikely related to primary 
structural ? defect of the P209L-mutation, but might have self-
perpetuating effects that may explain the rapid progression the 
disturbance of cellular PQC in the presence of BAG3 P209L. 

There are at least two possible mechanisms that may lead to this 
increase in cellular BAG3 P209L levels: Improper degradation of BAG3 
P209L due to defects in its co-degradation during autophagy and 
transcriptional up-regulation of BAG3 via the activation of HSF-1 via the 
BAG3 P209L-induced proteotoxic stress. Proteotoxic stress tends to lead 
to a pleiotropy of events, including the activation of the transcription 
factor HSF-1.4,24 BAG3 is the only stress-inducible BAG protein, meaning 
that the activation of HSF-1 leads to the up-regulation of BAG3.25 
Although this hypothesis requires further investigation, some of our 
experiments showed that the stress-inducible, HSF-1-regulated, Hsp70-
family member, HSPA6 was up-regulated in cells expressing BAG3 P209L, 
suggesting that HSF-1 is activated in cells transfected with BAG3 P209L. 

Experiments potentially answering this question include the analysis of 
BAG3 and HSF-1-regulated chaperones (e.g. HSPA6) levels and punctae-
formation following cellular co-expression of BAG3 P209L with dominant 
negative HSF-1 or BAG3 P209L expression in HSF1-/- cells. As the 
activation of HSF-1 is likely not a primary but a secondary defect caused 
by BAG3 P209L, it is to be expected that the co-transfection of BAG3 
P209L with dominant negative HSF-1 or into HSF-/- cells will not impair 
with punctae formation per se, but instead result in a slower and less 
progressive increase in BAG3 P209L positive punctae.  

3.2.2 Trapping of chaperones and PQC components  
In Chapter 5, we found that many chaperones locate to BAG3 P209L-, 
p62-, ubiquitin-positive punctae. These do not only include chaperones 
that interact with BAG3 itself, such as the small heat shock proteins 
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HSPB8, HSPB1, and HSPB5, but also other non-BAG3 partner proteins, 
such as DNAJB1 and DNAJB6. In Chapter 5, we hypothesize that the 
entrapment of chaperones might lead to their loss of function such that 
cellular PQC and protein homeostasis in general progressively decline.  

 
3.3. What is the role of HSPB8 in BAG3-Hsp70-client 

processing? 
What is yet to be unravelled is why a single point mutations in the second IPV 
motif of BAG3 has so much more detrimental effects on cellular PQC than 
comparable mutations outside the IPV domain.26–31 Also, the role of HSPB8 
normal BAG3-functioning and the relevance of the observed decline in HSPB 
affinity to BAG3 P209L in disease pathogenesis are not completely clear, yet. 
The question whether the trimodal interaction of HSPB8-BAG3-Hsp70 and clients 
is required for proper client processing in BIPASS is an especially interesting 
question. In vitro studies have shown that Hsp70 may refold HSPB-client 
proteins32–35 while previous results from our research group indicate that HSPB8 
is required for the BAG3-induced autophagic degradation of poly glutamine 
aggregates.12,36 Furthermore, recent results from the Gestwicki laboratory 
indicate that BAG3 serves as a stress-inducible modular scaffolding protein that 
binds Hsp70 via it’s BAG-domain and HSPBs via its’ two IPV domains, thereby 
generating a powerful refolding machinery.37 Interestingly, these two protein 
interactions do not seem to be influenced by one another, which also reflects our 
findings that the absence of the IPV domains does not influence BAG3-Hsp70 
interactions and that the absence of the BAG domain does not influence BAG3-
HSPB8 interactions (see Chapter 5).2 In addition, literature suggests that BAG3 
and Hsp70 from a stable complex that only transiently interacts with HSPB8.38 
Our findings in Chapter 5 indicate that this ternary interaction might be of 
importance for BIPASS as well. Since deletion of the IPV domains alone does not 
result in the accumulation of ubiquitin-positive punctae, these results might 
suggest that not only the formation of this ternary complex, but also the timing 
of complex formation might be crucial. Whereas BAG3 might be required to 
‘activate’ HSPB8, it is fathomable that the complex then dissociates for BAG3 to 
function in BIPASS. HSPB8 might then be required again to strengthen the pulling 
force of BAG3 to Hsp70 and the client itself38 when the LC3-p62-positive 
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complex is formed, which would be consistent with previous findings in from our 
laboratory2. Figure 1 visualizes this hypothesis.  
 

 
FFigure 1: Potential requirement of HSPB8 for BAG3-client-HSP70 binding in 
BiPASS. HSPB8 might potentially be required to enhance the pulling-force of the BAG3-
Hsp70-client complex and thus crucial for the targeting of BiPASS-client proteins to 
autophagy.  
 
The Gestwicki-group found that the ternary HSPB8-BAG3-Hsp70-complex only 
promotes refolding when added at specific ratios in vitro.39 This might explain 
how a slight decrease in BAG3-HSPB8-binding affinity –as is the case for the 
BAG3 P209L mutation- may decrease the pulling force between BAG3 and the 



1168 
 

 

Hsp70-bound client, thereby leading to incomplete or improper client processing. 
In addition, increased BAG3 levels may further negatively impede on cellular 
reactions. In line with this hypothesis, we indeed found that excess BAG3 levels 
lead to re-folding inhibition (Chapter 5). Together, these reactions may further 
accelerate the self-perpetuating cycle of cell stress, eventually leading to the 
aberrant activation of BIPASS and accumulation of PQC components into BAG3 
P209L-, p62-, ubiquitin-positive punctae and eventual cell death (Figure 2.) 
 

 

Figure 2: Dominant negative effects of BAG3 P209L on BiPASS: Aberrant 
activation of BiPASS and beyond. The BAG3 P209L mutation partially impairs BAG3-
HSPB8 binding and leads to the aberrant activation of BiPASS. We hypothesize that BAG3 
P209L outcompetes BAG1 for Hsp70-ubiquitinated client-complexes that were targeted 
for proteasomal degradation and reroutes these to the autophagy-lysosome system. 
Although BAG3 P209L seems to retain the ability to up-regulate the autophagic flux, client 
processing seems to be impaired, which leads to the accumulation o Hsp70 and associated 
proteins into BAG3 P209L-postitive, ubiquitinated, punctae.  
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33.4 Potential Targets for Future Research 
Future experiments should include testing the hypotheses assessed in Chapter 5 
in cultured cardiomyocytes, mouse models, and patient-derived fibroblasts. In 
addition, several other questions remain yet to be assessed to clarify the exact 
functions BAG3 fulfils in autophagy and muscle cell maintenance and the exact 
cellular effects of the BAG3 P209L-mutation.  

 
3.4.1 HDAC6; Another player in BiPASS? 
Another interesting candidate that could be potentially involved in BiPASS and/or 
the BAG3-functions in myocyte maintenance is HDAC6. Research indicates that 
HDAC6 de-acetylates Hsp90 and competitively binds ubiquitinated, proteasomal 
Hsp90-clients and dynein,22,40–42 thereby promoting the autophagic degradation 
of multiple proteins in a chaperone-dependent manner in a process reminiscent of 
BiPASS. Furthermore, HDAC6 is required for the fusion of autophagosomes to 
lysosomes because it is responsible for the cortactin-dependent recruitment of 
the F-actin network.22,43 The literature on whether or not BAG3 and HDAC6 
(temporarily) function in the same autophagy-lysosome pathways is divided. 
Whereas they are displayed as parts of the same complex in some instances,17 
they are referred to as distinct processes in others.44 Unlike BAG3, HDAC6 seems 
to function down-stream of autophagy induction and is not required for 
starvation-induced autophagy (BAG3 functions in ubiquitin-dependent and 
ubiquitin-independent pathways).2,22 However, it would be interesting to 
investigate whether HDAC6 is involved in the autophagosomal-lysosomal fusion in 
BiPASS, and if it is involved, at which point of the process it joins the complex.  

Pull-down assays and fluorescent imaging studies in mammalian cells as done 
in Chapter 5 could help elucidate questions such as: Is HDAC6 present in BAG3-
complexes (pull-down assays)? Is the association of HDAC6 with BAG3-
complexes changed by the P209L-mutation? Does BAG3 P209L affect cellular 
HDAC6-localization? Does HDAC6 function adequately or is the cortactin-
dependent recruitment of F-actin networks disrupted in cells expressing BAG3 
P209L (to be assessed in cardiomyocytes or BAG3 P209L-patient derived 
fibroblasts)? Does the down-regulation of HDAC6 or the expression of a 
defective HDAC6-mutant exacerbate the BAG3 P209L phenotype? Does over-
expression of HDAC6 rescue the BAG3 P209L punctae phenotype? 
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3.4.2 BAG3; Involved in F-actin Network organization? 
Interestingly, BAG3 is also known to be required for the association of Hsp70 and 
the F-actin capping protein CapZβ1 in muscle cells.45 CapZβ1 regulates the 
assembly of myofibrils and localizes to the Z-disc of muscle cells, thereby 
facilitating myofibril growth (and repair) under conditions of mechanical stress. 
Mechanical stress leads to the up-regulation of BAG3 as well as CapZβ1 and their 
association Hsp70-positive complexes in muscle cells. Without BAG3, CapZβ1is 
degraded by the proteasome and cannot properly associate with Hsp70 and is 
not properly linked to the F-actin network, thus fibril remodulation is insufficient, 
resulting in fibril Z-disk instability and myofibrillar disintegration.45 What is not 
known is whether these functions in the organization of the F-actin network are 
also important for the fusion of autophagosomes with lysosomes. It would be 
interesting to investigate the status of these F-actin networks in myocytes 
derived from patients with the BAG3 P209L-mutation. 

To summarize, in muscle cells, CapZβ1 is a proteasomal client that is directed 
to the Z-disc under conditions of cellular stress via BAG3 and associates with 
Hsp70. This complex then facilitates the association of CapZβ1 with F-actin, thus 
mediating the formation and repair of myofibrils. Given the functions of HDAC6 
discussed above and its functions in facilitating the recruitment of the F-actin 
network, HDAC6 would certainly be in a good position to facilitate or act in 
sequence with the association of CapZβ1 and F-actin. Although it might be a bit 
of a long shot, it would be interesting to investigate whether expression of 
HDAC6 in BAG3 P209L-derived myocytes is capable of (partially) rescuing the 
devastating disease phenotype and re-instate the stability of the Z-disk. Most 
likely, BAG3 P209L punctae are eventually physically too large and capture too 
many tertiary proteins and factors for any rescue to persist because these 
effects are mediated through Hsp70 (see the effects of the dBAG mutant in 
Chapter 5). However, given the parallels between BAG3 and HDAC6 in their 
cytoskeletal functions, it would be interesting to investigate whether HDAC6 is 
capable of partially compensating for these defects and reinstate Z-disk integrity 
and/or F-actin mediated autophagosome-lysosome fusion.  
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44.  Chaperone specificity;  
A specific chaperone BAR-code for every toxic protein 
species?  

It has been well documented that acute stress leads to the unfolding of normally 
folded proteins and the activation of the heat shock response (HSR), which leads 
to the up-regulation of molecular chaperones and a general increase in protein 
folding and protein degradation. Less is known about the PQC in chronic stress 
conditions, such as neurodegenerative diseases (NDDs), which tend to be caused 
by the accumulation of toxic protein species. Below, I will address if and how the 
Hsp70-system reacts to neurodegenerative diseases in post mortem brain tissue 
(see 4.1) and how well the various HSP-family members handle different disease-
associated proteins (see 4.2). 
 

4.1 Does the Hsp70-system recognize ataxin 3 aggregates in 
patients with Spinocerebellar ataxia type 3 (SCA3)? 
To investigate whether members of the Hsp70-machine locate to polyglutamine 
aggregates in humans suffering from neurodegenerative diseases, we 
investigated the post-mortem brain tissue of patients with SCA3 in Chapter 3.46 

Using immunohistochemistry and microscopy, we quantitatively analyzed the 
different forms of protein aggregates in the pons of SCA3 patients in relation to 
differential expression levels of the components of the Hsp70-machine. Our 
findings indicate that a sequence of events takes place during the aggregation 
process in SCA3 and that the components of the Hsp70-machine only respond to 
and become impaired at a late stage in this process.  

4.1.1 The evolution of aggregate formation in SCA3 
Our experiments in Chapter 2 (summarized in Table 1), indicate that 
polyglutamine elongated ataxin 3 accumulates according to a distinct sequence 
of events: Granular cytoplasmic aggregates, visible as granular cytoplasmic polyQ 
staining (GCS), move into the nucleus, where they are visible as diffuse nuclear 
staining (DNS). Following their entry into the nucleus, ataxin 3 accumulates into 
on or at most two distinct neuronal nuclear aggregates (NNI), which we 
hypothesize to be the final stage of aggregation that ultimately results in 
neuronal cell death.46 A similar sequence of events was recently proposed on the 
basis of analysis of brains from Huntington patients.47  
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 Aggregate 

staining 
pattern 

p62-staining UBB+1-staining HSPA1A up-
regulated 

Stage 1 GCS Rarely None No 

Stage 2 DNS Rarely None No 

Stage 3 NNI Constitutively None No 

Stage 4 NNI Constitutively Some No 

Stage 5 NNI Constitutively  Constitutively Yes 

Table 1: This table displays a sequence of events in SCA3, which we propose proceeds in 
stages.  

Table 1 also shows, that the cellular aggregation markers p62 and ubiquitin do 
not react to ataxin 3 aggregation until late in the process: On the one hand, 
although p62 seemed to start reacting to granular cytoplasmic and diffuse 
nuclear ataxin 3 aggregates, it seemed to have clear preference for NNIs. On the 
other hand, the marker for proteasomal overload, Ubb+1, was only present in a 
subset of NNI containing neurons, which suggests that a fraction of neurons with 
NNIs may exhibit signs of proteasomal dysfunction and that GCS and DNS most 
likely represent earlier, less stressful stages of the aggregate pathology.  
 
4.1.2 The Hsp70-system in SCA3 
Next to aggregation markers, we monitored the expression of the stress-inducible 
chaperones HSPA1A and DNAJB1 in post-mortem brain tissue of SCA3 patients.46 
To our surprise, we found that HSPA1A was only up-regulated in a subset of 
neurons containing p62- and UBB+1-positive NNIs. DNAJB1 seemed to be trapped 
in NNIs in these neurons, which generally showed morphological abnormalities 
indicative of poor cellular health. These findings indicate that, although the HSR is 
still active in neurons expressing mutant ataxin 3, it is apparently not properly 
activated in the early stages of neuronal ataxin 3-aggregation. This is likely 
because mutant ataxin 3 is not recognized as misfolded protein per se, instead 
HSPA1A up-regulation has most likely no cytoprotective effects but demarks the 
final stage of the progressive SCA3 aggregation pathology.  
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44.2 Are all chaperones equally effective in handling cellular 
toxicity conveyed by disease-associated aggregation-prone 
proteins? 
Our findings that the HSR is either not or insufficiently activated in neurons 
affected by protein aggregation in SCA3 patients led us to perform a literature 
research on the effectiveness of various chaperones in handling 
neurodegeneration-associated protein aggregates (Chapter 3). By grading the 
published data on chaperone efficiency against proteinopathy-associated 
aggregates in different model organisms, we found a different BAR-code of 
chaperones were effective against different proteinopathy-associated proteins. 
Overall, our results indicate that, the proteins up-regulated by the HSR tend to be 
somewhat effective in preventing protein aggregation in in vitro and in 
mammalian cells. However, whereas they seem to be effective in organismal 
model organisms for amyloid-beta-, tau-, and androgen receptor-induced 
aggregation, they are mostly insufficient in buffering the toxic effects conveyed 
of polyQ–aggregates. Instead, certain DNAJs (e.g. DNAJB2, DNAJB6) can 
effectively ameliorate ameliorate aggregate-toxicity in longer lived animal 
organisms for diseases such as HD and SCA3 48–51  

Taken together these data raise the intriguing hypothesis that canonical 
chaperones, such as the Hsp70- and Hsp90-refolding cycles might be well 
equipped to compensate for certain cellular homeostatic imbalances but unable 
to handle polyQ-aggregates themselves, whereas on-canonical chaperones, such 
as certain DNAJs, HSPBs, and maybe NEFs might be better equipped to handle 
polyQ-aggregates by shielding and ultimately re-directing the toxic protein –or 
any of it’s pre-aggregate forms- to cellular degradation systems. 
 

5. Cell autonomous versus non-cell autonomous effects in 
neurodegenerative diseases: A role for chaperones? 

5.1. Neuronal vulnerabil ity:  
Chaperones and cell autonomous protection 
Interestingly, not all NDDs are affecting the same subtypes of neurons and thus 
result in a different set of symptoms (reviewed in Chapter 3). The specific 
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localization and characteristics of neuronal cell types determine their vulnerability 
to specific protein aggregation diseases.52,53 These characteristics may include 
differential expression levels of the disease-associated protein in diverse neuronal 
subtypes and the exposure and reaction to various stresses and exogenous 
influences (e.g. neurotransmitters in neurons) that may act as triggers for the 
aggregation of the respective disease-associated proteins. For instance, on the 
one hand, alpha-synuclein aggregates have been associated with neuronal 
degeneration in the basal ganglia, which results in dopamine deficiency and motor 
symptoms, including tremors, muscular rigidity, and slow and imprecise 
movements. On the other hand, accumulation of amyloid beta and tau result in 
neurodegeneration of the dental gyrus and hippocampus, causing progressive 
mental degradation, including memory deficits.49,52,53 

Our laboratory is particularly interested in Huntington’s disease and SCA3, 
both of which are polyQ-driven diseases. Although the causative proteins are 
ubiquitously expressed across all cell types, hypersensitivity to aggregation and 
toxicity seems to primarily involve the neurons of the basal ganglia for HD 54 and 
the Purkinje cells in the Cerebellum for SCA355. This implies that triggers specific 
to these brain areas may be required to initiate aggregation of disease-associated 
proteins. What these specifically are and whether differential expression of HSPs 
may protect against these trigger factors is yet to be investigated. 
 
5.2. Involvement of non-neuronal cells:  
Chaperones and cell non-autonomous effects 
In HD as well as in SCA3 the disease seems to spread from one specific brain area 
(the basal ganglia in HD, the cerebellum in SCA3) to the rest of the brain in a pre-
meditated pattern. Interestingly, similar specific progressive spreading patterns 
have been observed in most neurodegenerative diseases56.  

As discussed in Chapter 1, it has been suggested that toxic protein species 
can convert other, structurally related non-toxic proteins, into toxic protein 
species (aggregates), thereby seeding aggregation in adjacent neurons.56,57 This 
phenomenon (details in Chapter 1) is thought to lead to the propagation of toxic 
protein species from one neuron to the next, thereby leading to progressive 
neurodegeneration and the associated symptoms. In how far polyQ diseases are 
also prion-like diseases is still a matter of debate.56,58 
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Another (related) debate in polyQ diseases concerns the role of non-neuronal 
cells in the progression of the disease. While neurons are generally considered to 
be the most vulnerable brain cells, recent data suggest that glial cells may be a 
contributor to neurodegenerative polyQ-diseases as well.59–61 Literature indicates 
that astrocytes are generally less affected by polyQ-toxicity and contribute to 
disease via more indirect mechanisms.60 Interestingly, immunohistochemical 
analyses of post-mortem brain tissue from patients with various 
neurodegenerative diseases indicate that several HSPs, like DNAJB6 and HSPBs, 
tend to be up-regulated in the astrocytes of disease-affected brain areas.62,63 We 
took this up-regulation of HSPs in astrocytes as incentive to hypothesize that 
astrocytes might be able to protect neurons from polyglutamine toxicity in a non-
cell autonomous manner; by supporting neuronal fitness (supplying chemokines, 
nutrients, or even transmitting chaperones) or by interfering with neuron-to-
neuron transmission of prion-like polyglutamine aggregates. 

To investigate whether the astrocytic expression of DNAJB6 can ameliorate 
neuronal polyQ-initiated degradation, we generated transgenic D. melanogaster 
lines that independently expressed disease-causing Htt in neurons and DNAJB6 in 
astrocyte-like cells (Chapter 4). Our experiments showed that DNAJB6 could 
alleviate mHtt-mediated neurodegeneration cell-autonomously and non-cell 
autonomously: Neuronal and astrocytic expression of DNAJB6 prolonged lifespan 
in an HD D. melanogaster model.  

Our data did not support the idea that DNAJB6 is transferred from astrocyte-
like cells to neurons,64  instead, our data support the notion that astrocytic 
DNAJB6-expression protects neurons from polyQ-induced toxicity in a cell non-
autonomous manner: By taking up extra-cellular aggregates. Such data elaborate 
on recent findings from the Kopito group, who showed that aggregates from 
chemically-destroyed neurons is to be found up in neighbouring astrocytes.58 
How DNAJB6 expression in astrocytes enhances this phenomenon still remains 
unclear. One possibility is that DNAJB6 prolongs the astrocytic ability to provide 
distressed neurons with nutrients and neuroprotective factors. Alternatively or in 
parallel, DNAJB6 may enhance the astrocytic ability to take up toxic extra-cellular 
polyQ species. Cellular experiments from our laboratory indicate that 
immortalized astrocyte-like cells can take up more extracellular polyQ-peptides 
than immortalized neuron-like cells, indicating that astrocytes may function as 
encephalic vacuum cleaners.Data not published Further cellular experiments to elucidate 
the mechanism underlying DNAJB6-mediated non-cell-autonomous protective 
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effects could include kinetic measurements on polyQ-peptide uptake and on 
seeding potential and toxicity of internalized aggregates.  
 

6. Conclusion  
To conclude, the experiments presented in this thesis aimed to shed more light 
on the intricate organization of the protein quality control network by studying 
protein aggregation in neurodegenerative diseases and myofibrillar myopathies. 
The most pertinent conclusions are: 

• The HSR is not activated by mutant polyglutamine proteins, which means 
that the observed decline in HSR is a consequence rather than a cause of 
disease (see Chapter 2).46 

• Not all aggregates are the same; Handling of each aggregate requires a 
different set of HSPs (see Chapter 3).49.  

• PolyQ-aggregates can propagate from neurons to astrocytes in D. 
melanogaster; The expression of human DNAJB6 has protective cell 
autonomous as well as protective non-cell autonomous effects against 
polyQ-aggregates. This DNAJB6-mediated increase in astrocytic resistance to 
polyQ-seeds likely also positively affects neuron-to-neuron progression of 
polyQ-aggregates, thereby protecting neurons in adjacent areas from polyQ-
infection and thus delaying the progression of neurodegeneration. 

• Chaperones are not only key to rescue protein aggregation disease but 
subtle defects in PQC, as in the case of BAG3 P209L can have devastating 
effects on cellular fitness and cause diseases, highlighting the importance of 
a proper PQC for a healthy life span. 

 
To summarize what working on this thesis has taught me in one sentence:  

Control your proteins, l ivelong, and prosper. 
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Proteins: Drivers of the fantastic inner l ife of the cell 
The cell is a fascinating place, full of proteins, organelles, and factors that move 
around, come together to interact and detach in order to induce or inhibit a 
myriad of processes, thereby keeping the cell alive and able to fulfil its unique 
function within the organism. Each protein is different and fulfils a specific 
function inside the cell, amongst others, by interacting with specific interaction 
partners (e.g. proteins, factors, organelles). In order to function, each protein 
needs to be folded into a specific 3-Dimensional structure. Proteins or protein 
stretches that do not assume this dedicated, pre-determined, 3-dimensional 
structure can lose their function and/or gain the ability to interact with other 
proteins or factors, since unfolded proteins are generally very sticky. This can 
lead to aberrant and chaotic protein interactions and the activation or de-
activation of unwanted cellular pathways or result in the accumulation of proteins 
and cellular structures into so-called aggregates, which may be toxic to the cell. 
 
Chaperones: Supporting protein quality control 
A specific group of proteins, called chaperones, are part of a vast network of 
proteins dedicated to monitoring and supporting protein folding and function 
called the protein quality control (PQC) network. Chaperones recognize and shield 
exposed interaction-sites in proteins thus facilitating protein folding into 
functional 3-dimensional structures. If the folding of proteins into functional 3-
dimensional shapes is not possible, chaperones can also direct them to cellular 
storage facilities or towards cellular degradation machines, including the 
proteasome and the autophagy-lysosome system, which breakdown proteins into 
re-usable building blocks (amino acids). The proteasome is an acid filled barrel 
that digests single proteins in a relatively quick process. Proteasomal degradation 
is mostly the default protein degradation pathway in cells. However, under some 
circumstances, for instance when the proteasome is somehow impaired or when 
proteins are aggregated, cells utilise the autophagy-lysosome system. 
Autophagic degradation is a complicated cellular process that entails the 
formation of a double-membraned structure around the cellular material to be 
degraded and it’s fusion with another, acid filled organelle called lysosome in 
order for the content to be degraded.  
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TThe Hsp70: Central factor in PQC 
The Hsp70-chaperone is central to protein folding and degradation. A set of co-
chaperones that identify mis- or unfolded proteins hand them to Hsp70, which 
“grabs” the client protein in a reaction requiring energy. This process provides 
the protein with time to fold.  Subsequently, other partners “open” Hsp70 to 
facilitate the release of the client protein to either function inside the cell, to be 
directed to other chaperones for further folding, to cellular storage locations, or 
to degradation machines.  
 
Age-related degenerative diseases:  
Fail ing PQC and protein aggregates 
Although the PQC system is a tightly regulated network of proteins able to fine-
tune its activity to demands such as cellular stress (e.g. heat, radiation, 
mechanical stress due to muscle contractions) by activating the so-called heat 
shock response (HSR), it seems to be incapable of handling (mutated) proteins 
when during ageing. This becomes evident by the age-related formation of 
protein aggregates associated with several severe, progressive, 
neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, 
Amyotrophic Lateral Sclerosis, Huntington’s disease, Spinocerebellar ataxias, and 
several (cardio)myopathies. By studying the post-mortem brain tissue of patients 
suffering from Spinocerebellar ataxia type 3 (SCA3), we found that aggregates 
arise long before the HSR is activated. However, the activation of the HSR later 
during disease pathogenesis implies that it is not impaired as such.  Our data 
suggest that proteins like mutant ataxin-3, which is the causative protein in 
SCA3, are “sniper-killers” that are overlooked by the HSR, thus requiring other 
chaperone systems to be permanently active to provide ensure cellular 
protection against aggregate formation and subsequent toxicity.  
The revitalization of this system could thus potentially counteract these age-
related neurodegenerative diseases. In Chapter 3, we looked into which aspects 
of the PQC system may be needed to prevent aggregating sniper-killers from the 
driver proteins causing the various neurodegenerative diseases. Interestingly, our 
literature analyses revealed that different chaperones may be beneficial in 
attenuating the onset of different aggregates and thus different diseases. 
Whereas chaperones belonging to the HSR may be effective in diseases such as 



1186 
 

 

Amyotrophic Lateral Sclerosis, they are less or non-effective in polyglutamine 
diseases, such as SCA3 or Huntington’s disease.  
 
DNAJB6: A special chaperone to prevent aggregation in 
polyglutamine diseases 
Our literature review and results from our laboratory indicated that one 
chaperone may be of particular interest and delay the onset of polyglutamine 
diseases: DNAJB6. DNAJB6 is a Hsp70 co-chaperone that transfers clients to 
Hsp70 for further processing. It can prevent polyglutamine protein aggregation 
and target these for Hsp70-dependent proteasomal degradation with extremely 
high efficiency. Evermore so, expressing DNAJB6 in the neurons of mice with 
Huntington’s disease delays the disease onset and prolongs life span. In Chapter 
4, we furthermore confirm that DNAJB6 is also effective in protecting fly neurons 
against polyglutamine-mediated degeneration. Intriguingly, we also show that 
DNAJB6 can protect neurons from degeneration when it is solely expressed in 
another type of brain cells: Astrocytes. 
 
Neurons and astrocytes: A tight-knit relationship 
Interestingly, neurons are not the only cells native to the brain. In fact, neurons 
are rather helpless cells when isolated and require other brain cells, called glial 
cells, for support to survive. There are roughly three types of glial cells that make 
up the majority of cells in the brain: a) oligodendrocytes, which support the 
neurons in the conduction of their electrical signals over long distances; b) 
microglia, which act like police agents or immune cells that continuously survey a 
dedicated brain area and clear insults or pathogens if required; and c) astrocytes, 
which take up nutrients from the blood and convert these into a format palpable 
for neurons before transferring them to neurons, are especially interesting 
because they participate in ‘cleaning’ neuronal synapses.  
 
Prion-l ike progression of neurodegenerative diseases:  
A role for astrocytes?  
Neurodegenerative diseases seem to spread through the brain in a progressive 
fashion. Initially, a small group of neurons in a disease-associated area is affected 
by aggregation (e.g. hippocampus in Alzheimer’s disease, basal ganglia in 
Huntington’s disease, base of the pons in SCA3), which then progresses to the 
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adjacent neurons. In recent years, evidence has accumulated showing that 
protein aggregates associated with neurodegenerative diseases may not form 
spontaneously in each neuron, but that they can be transferred to and ‘infect’ 
adjacent neurons. In fact, this process, called prion-like transmission (named after 
the viral like infection of prion particles in the scrapie, mad-cow disease, or 
Creutzfeldt-Jakob disease), may occur in all neurodegenerative protein 
aggregation diseases. Our experiments in Chapter 4 suggest that astrocytes are 
able to take up mutant huntingtin and prevent the spread of toxic, prion-like 
mutant proteins to adjacent neurons; DNAJB6 up-regulation may boost this 
astrocytic ability and thereby provide so-called non-cell autonomous protection. 
 
BBorn with a chaperone mutation:  
Devastating disease at young age 
As stated above, certain proteins re-open Hsp70 after they ‘grabbed a protein’, 
which, if done properly, should result in the folding or degradation of the Hsp70 
client. These Hsp70-openers are called nucleotide exchange factors (NEFs).  At 
least twelve different types exist in mammals, six of which belong to the BAG-
family of proteins. BAG1 is a member of this family and usually directs Hsp70-
bound clients to the proteasome for degradation. When the proteasome is 
impaired, another member, called BAG3, is synthesized and helps to re-route 
proteasome-bound clients to the autophagy-lysosome system for degradation.  
The genetic single point mutation BAG3 P209L causes a very severe, early onset 
form of myofibrillar myopathy and is associated with protein aggregation. 
Children affected by this rare disease usually require heart transplants and a 
wheelchair before they turn 16 and rarely survive far into their 20s. In Chapter 5, 
we show that this mutation has only a minor defect in assisting Hsp70-client 
processing. This minor defects leads to a fast-forward, negative cascade of 
events, the subsequent collapse of the PQC system, and in the aggregation of 
many proteins that eventually cause cellular degeneration. These results stress 
the importance of a tightly regulated, well-functioning chaperone network to 
ensure the maintenance of cellular and tissue functions and to ensure healthy 
aging of the entire organisms. 
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Eiwitten: fantasierijke stuurmannen in de cel 
Het binnenste van een cel is fascinerend; een plek vol met eiwitten, organellen en 
factoren die met elkaar interacteren en processen starten of juist stoppen, 
waardoor de cel zijn unieke functie binnen een organisme kan vervullen en in 
leven blijft. Ieder eiwit is verschillend en vervult (een) specifieke functie(s), ook 
door in de cel interacties met specifieke partners aan te gaan. Om te kunnen 
interacteren, moeten eiwitten in een specifieke vooraf gedetermineerde 3-D vorm 
worden ‘gevouwen’. Eiwitten of delen van eiwitten die deze vooraf 
gedetermineerde, 3-D vorm niet kunnen aannemen verliezen hun functie en/of 
kunnen juist doordat zij een vreemde vorm bezitten onbedoeld gaan interacteren 
met andere eiwitten of factoren. Deze interacties kunnen bijvoorbeeld resulteren 
in ongewenste activatie of de-activatie van signalen in de cel en/of de klontering 
van eiwitten in zogenaamde aggregraten tot gevolg hebben die de vitaliteit van 
de cel bedreigen. 
 
Chaperones: assistenten die de vouwingskwaliteit van eiwitten 
controlleren 
Chaperones zijn een speciale groep van eiwitten die deel uit maken van een groot 
netwerk van eiwitten dat het “protein quality control” (PQC) netwerk wordt 
genoemd. Dit PQC systeem, waarin zogenaamde Heat Shock Proteins (HSPs) een 
centrale rol spelen, controleert de kwaliteit van eiwitten en assisteert eiwitten in 
hun functionele 3-D vouwing. Om ongewenste effecten van verkeerd gevouwen 
eiwitten te voorkomen sturen chaperones onvolledig of onjuist gevouwen eiwitten 
ofwel naar een soort van depots in de cel ofwel naar specifieke afbraaksystemen. 
Deze systemen breken niet alleen de eiwitten af, maar zorgen er tevens voor dat 
hun eiwit-bouwstenen hergebruikt kunnen worden.  Twee van de belangrijkste 
afbraaksystemen zijn het zogenaamde proteasoom enerzijds en het autofagie-
lysosoom systeem anderzijds. Het proteasoom kan worden gezien als een met 
zuur gevuld vat en is in staat om individuele eiwitten relatief snel af te breken. 
Autofagie is echter een veel ingewikkelder proces waarbij het af te breken 
materiaal eerst ingekapseld moet worden in een blaasje met dubbele membranen, 
vervolgens moet samensmelten met een met zuurgevuld organel zodat 
uiteindelijk de inhoud van het membraan afgebroken kan worden. De cel heeft 
daardoor een voorkeur voor het proteasoom als afbraakmechanisme. Als het 
proteasoom zijn functie echter niet goed kan vervullen, worden eiwitten 
doorgestuurd naar het autofagie-lysosoom systeem. Dit is het geval als het 
proteasoom bijvoorbeeld beschadigd is of als eiwitten samenklonteren.  
 
Hsp70: onmisbare schakel in eiwit kwaliteits controle 
De Hsp70-chaperone is onmisbaar in het proces van het vouwen en afbreken van 
eiwitten. Om verkeerd- of ongevouwen eiwitten te herkennen, maakt Hsp70 
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gebruik van een groep assistenten, die deze eiwitten opsporen en overdragen aan 
Hsp70. Hsp70 ‘grijpt’ daarna als het ware deze eiwitten (‘klanten’) in een energie 
gedreven reactie. Dit grijpproces zorgt voor tijd en ruimte waarin het eiwit kan 
vouwen. Na afloop van dit proces ‘opent’ een andere Hsp70-assistent de Hsp70 
en zorgt ervoor dat de ‘klant’ losgelaten wordt. Afhankelijk van de uitkomst van 
het vouwproces kan het eiwit vervolgens zijn functie binnen de cel gaan vervullen 
of - indien het eiwit nog steeds niet goed gevouwen is - zullen chaperones het 
eiwit naar een nieuwe ronde van vouwen, cellulaire opslag en/of cellulaire afbraak 
begeleiden.  
 
LLeeftijds-gebonden degeneratieve ziektes: het falen van het PQC 
mechanisme en klontering van eiwitten 
Het PQC netwerk is een robuust systeem en de cel is in staat om de activiteit en 
hoeveelheid van bepaalde chaperones nauwkeurig te reguleren. Als de cel onder 
stress komt te staan (bijvoorbeeld door hitte, straling, of mechanische stress 
zoals het samentrekken van spieren) worden er bijvoorbeeld meer HSPs genaakt. 
Dit proces wordt de ‘heat shock response’ (HSR) genoemd. Klaarblijkelijk is de 
HSR echter niet in staat om klontering van bepaalde (gemuteerde) eiwitten 
gedurende het verloop van het verouderingsprocess tegen te gaan. Dit is vooral 
zichtbaar bij samenklonteringen van eiwitten bij ernstige, progressieve 
neurodegeneratieve ziektes (bv. ziektes van Alzheimer, Parkinson en Huntington, 
Amyotrofe Laterale Sclerose, Spinocerebellaire ataxien) en sommige 
(cardio)myopathien die allemaal pas optreden (ook indien zij erfelijk zijn) als de 
mensen verouderen.  
 
Door de hersenen van overleden patienten met Spinocerebellaire ataxie type 3 
(SCA3) te bestuderen hebben wij geconcludeerd dat deze samenklonteringen of 
aggregraten ontstaan zonder dat de HSR wordt geactiveerd. Daarnaast tonen 
onze data aan dat de HSR later in de progressie van de ziekte nog steeds 
geactiveerd kan worden, hetgeen erop duidt dat een verminderde HSR in deze 
ziektes niet de primaire oorzaak voor het ontstaan van de ziekte lijkt te zijn. 
Daarentegen impliceren deze vindingen eveneens dat eiwitten als het gemuteerde 
ataxine 3 (het SCA3 veroorzakende eiwit) als het ware gecamoufleerde 
'scherpschutters' zijn die door de HSR over het hoofd worden gezien. Het is 
daardoor noodzakelijk andere chaperones op continue wijze te activeren zodat zij 
de aggregatie van de gecamoufleerde ‘scherpschutter eiwitten’ kunnen 
voorkomen en de cel kunnen beschermen tegen deze toxische effecten.  
 
De revitalisering van het PQC systeem zou de cel dus potentieel tegen leeftijds-
gebonden neurodegeneratieve ziektes kunnen beschermen. In hoofdstuk 3 
hebben we onderzocht welke onderdelen van het PQC systeem noodzakelijk zijn 
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om de cel tegen deze scherpschutter eiwitten te kunnen beschermen. Interessant 
genoeg blijkt uit onze literatuurstudie dat voor elk van de verschillende ziektes 
een set verschillende chaperones een gunstig effect kunnen hebben. Zo blijken 
bijvoorbeeld bepaalde HSR-gereguleerde HSPs die een vertragend effect op de 
aggregratie van eiwitten geassocieerd met Amyotrofe Laterale Sclerose (ALS), 
juist minder of helemaal niet in staat te zijn aggregatie van gemuteerde 
polyglutamine eiwitten (bv. SCA3, ziekte van Huntington) te vertragen 
 
DNAJB6: een bijzondere chaperone die aggregratie in polyglutamine 
ziektes kan voorkomen 
De literatuur en resultaten vanuit ons lab suggereren dat één bepaalde chaperone 
bijzonder effectief lijkt te zijn in het voorkomen van polyglutamine ziektes: 
DNAJB6. DNAJB6 is een assistent van Hsp70 en kan derhalve Hsp70-klanten 
herkennen en overdragen aan Hsp70. DNAJB6 kan de aggregratie van 
polyglutamine eiwitten via Hsp70 doorverwijzen naar het proteasoom voor de 
afbraak. Onderzoek uit onze groep, uitgevoerd met muizen die lijden aan de 
ziekte van Huntington, liet duidelijk zien dat op het moment dat DNAJB6 in de 
neuronen wordt gebracht niet alleen de aggregratie en de start van de ziekte 
wordt vertraagd, maar dat zelfs de levensverwachting van de muizen wordt 
verlengd. Interessant genoeg toont ons onderzoek in hoofdstuk 4 aan dat 
DNAJB6 zelfs neuronen tegen degradatie kan beschermen als we een ander type 
hersencel, genaamd astrocyt, er meer van laten maken.  
 
Neuronen en astrocyten: een hechte relatie 
De hersenen bestaan uit meer cellen dan neuronen alleen. Sterker nog, neuronen 
zijn niet alleen in de minderheid, maar zijn vrij hulpeloos en niet in staat te 
overleven zonder zogenaamde glia cellen. Er bestaan ruwweg drie types glia 
cellen:  
a) oligodendrocyten: zij ondersteunen neuronen bij het overdragen van 
electrische signalen over lange afstanden;  
b) microglia: zij fungeren als een soort politieagent of immuun cel die continu 
bepaalde hersengebieden bewaken en ziekteverwekkers en andere bedreigingen 
meteen bestrijden;  
c)astrocyten: zij kunnen voedingsstoffen uit het bloed opnemen en omvormen 
tot een vorm die neuronen kunnen verwerken. Daarnaast dragen zij actief bij aan 
het reinigen van neuronale 'synapses' (plekken waar neuronen signalen 
doorgeven).  
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PPrion-achtige progressie van neuodegeneratieve ziektes: en 
potentiele rol voor astrocyten? 
Neurodegeneratieve ziektes verspreiden zich op een progressieve manier door de 
hersenen. Aanvankelijk worden aggregraten alleen in een kleine groep neuronen 
gevormd, die in een hersengebied liggen dat geassocieerd is met de 
desbetreffende neurodegeneratieve ziekte (bv. In de hippocampus bij de ziekte 
van Alzheimer, de basale ganglia bij de ziekte van Huntington of in de onderkant 
van de pons bij SCA3). Recentelijk is aangetoond dat eiwit aggregraten die met 
neurodegeneratieve ziektes geassocieerd zijn, wellicht niet spontaan in alle 
individuele neuronen worden gevormd, maar dat zij in een paar neuronen ontstaan 
en vervolgens overgedragen kunnen worden naar aangrenzende neuronen, 
waardoor die als het ware met de aggregaten worden geïnfecteerd. Dit proces 
wordt prion-achtige overdracht genoemd (naar de virus-achtige overdracht van 
prion partikels in ziektes als scrapie, gekkekoeienziekte en Creutzfeldt-Jakob). Er 
wordt gedacht dat deze prion-achtige overdracht wellicht aan de basis van alle 
neurodegeneratieve eiwit aggregratie ziektes ligt. Onze experimenten in hoodstuk 
4 suggereren dat astrocyten in staat zijn om de neuronale overdracht van 
gemuteerde, toxische huntingtine (het eiwit dat de ziekte van Huntington 
veroorzaakt) te vertragen en dat DNAJB6 deze astrocyten-functie wellicht zou 
kunnen versterken. Dit zou betekenen dat DNAJB6 niet alleen neuronen zelf kan 
beschermen (zogenaamd cel autonome bescherming) maar dat het ook een niet-
cell autonome bescherming aan neuronen zou kunnen bieden, door astrocyten te 
“versterken”. 
 
Met een chaperone-mutatie geboren: verwoestende ziekte op jonge 
leeftijd 
Zoals beschreven, zijn er speciale chaperones nodig om de ‘klant’ van Hsp70 te 
bevrijden nadat deze is 'gegrepen' door Hsp70. Er bestaan tenminste twaalf van 
deze dergelijke Hsp70-openers, die ook wel 'nucleotide exchange factors' worden 
genoemd. Zes hiervan behoren tot de zogenaamde familie van BAG eiwitten. Een 
van deze BAG-familie leden is BAG 1 en die is verantwoordelijk voor het 
begeleiden Hsp70-klanten naar proteasoom voor afbraak. Als het proteasoom te 
veel werk heeft of –door omstandigheden, minder goed werk levert, gaat de cel 
meer van het familielid BAG3 aanmaken. BAG3 zorgt er vervolgens voor dat de 
HSP70-klanten naar het autofagie-lysoom systeem worden begeleid voor afbraak.  
Een mutatie in BAG3 (BAG-P209L) veroorzaakt een ernstige erfelijke spierziekte 
die al op jonge leeftijd optreedt en wordt geassocieerd met een ophoping van 
eiwit aggregraten in hart- en skeletspieren. Kinderen met deze zeldzame ziekte 
hebben meestal een hart transplantatie nodig en zijn reeds voor hun zestiende 
verjaardag aan een rolstoel gekluisterd en overlijden meestal voor hun 25e 
levensjaar. In hoofdstuk 5 laten wij zien dat het subtiele defect  in het mutante 
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BAG3 P209L eveneens een subtiel defect veroorzaakt in de overdracht van 
Hsp70-klanten. Dit slechts zeer minieme defect zorgt vervolgens echter voor een 
escalatie van opeenvolgende gebeurtenissen die op snelle wijze tot een volledige 
instorting van het PQC systeem leidt, met als gevolg een samenklontering van 
een grote groep van eiwitten, waardoor de cel uiteindelijk zijn functie volledig 
verliest.  
 
Kortom, onze onderzoeksresultaten tonen aan hoe belangrijk een robuust, goed 
gereguleerd en functionerend chaperone netwerk is voor het onderhoud van 
cellen en weefsel. Een netwerk dat onmisbaar is in ons streven naar gezonder 
ouder worden.  
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