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Proteins fold in an unfavorable cellular environment due to molecular crowding 
and relatively high temperatures. When combined, these two conditions favor 
aggregation over folding. Molecular chaperones evolved to shift the equilibrium 
towards folding by preventing aggregation [1]. 

Imbalances in protein homeostasis are observed in a high number of disease 
states, including neurodegenerative disorders [2]. The predominant feature of 
these disorders is manifested by the formation of intracellular and/or extracellular 
deposits of aggregated proteins. Examples include the formation of intracellular 
inclusions containing aggregated α-synuclein in Parkinson’s disease or huntingtin in 
Huntington’s disease, as well as the extracellular β-amyloid plaques in Alzheimer’s 
disease [3]. The risk of getting any of these diseases increases dramatically with age.  
As a consequence of aging, or as a result of mutations, the delicate balance of the 
synthesis, folding, and degradation of proteins is perturbed, resulting in the slow 
accumulation of misfolded proteins that form aggregates.  

When unfolded or misfolded proteins accumulate in the cells and the protein-
folding capacity is overwhelmed, specific stress responses are activated. To relieve 
stress and re-establish homeostasis, the cells activate specific signal transduction 
pathways, which induce the transcriptional upregulation of genes that enhance 
protein-folding capacity and quality control. Heat Shock Proteins, as a central 
components of the cellular network of molecular chaperones and folding catalysts, 
are the first components to be upregulated upon proteotoxic stress [4]. Members 
of the various groups of HSPs were initially classified according to their molecular 
weight: HSPH (HSP110), HSPC (HSP90), HSPA (HSP70), DNAJ (HSP40), and HSPB 
(small HSP) as well as for the human chaperonin families HSPD/E (HSP60/HSP10) 
and CCT (TRiC). Recently, HSPs have been grouped into different groups based on 
the sequence homology [5]. The protective functions of HSPs during stress have 
been investigated since a long time [6]. More and more evidence are accumulating 
that HSPs also have the ability to restore protein homeostasis in protein misfolding 
diseases [2,7]. In this thesis we explore how individual HSP and their cofactors 
function in protecting cells from stress and how the chaperone systems cooperate as 
a network and function in conjunction with the protein transport and degradation 
machineries to ensure misfolding protein disposal.

In the introductory chapter (Ch2), a summary of the existing literature will 
be provide on the role that HSPs play in preventing aggregation or/and toxicity of 
different disease-associated proteins and how each specific disease may be “barcoded” 
by a set of different disease modifying HSP activities. Furthermore, this chapter will 
provide an overview of the known chaperonopathies, which are diseases that are 
actually caused by mutations in HSP themselves. This part illustrates the importance 
of HSP-mediated quality control in normal cellular function and highlighting the 
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hypersensitivity of tissues with lower regenerative capacities to (age-related) decline 
in protein homoestasis. 

In Chapter 3, we will provide novel insights in how cells utilize chaperones 
to regulate protein degradation under conditions in which proteasomal activity 
declines (like in aging). Several studies, including recent findings from our lab, had 
revealed that the small HSPB member HSPB8 collaborates with the HSPA1A-BAG3 
complex in clearing protein aggregates containing e.g. expanded polyQ proteins 
[8,9]. At the same time data appeared in the literature that BAG3 is upregulated 
under conditions of proteasomal impairment, and that under such conditions 
cells switch to autophagy to ensure proper clearance of clients (the proteasome-to-
autophagy switch). How proteasomal clients are re-routed to the autophagosomal 
pathway has remained unclear. In chapter 3, we describe that BAG3 plays a role in 
this switch. BAG3 induces the sequestration of HSPA1A-bound proteasomal clients 
into cytoplasmic puncta which indeed leads to their re-routing to autophagosomes 
for degradation. This switch occurs through competitive inhibition with its family 
member BAG1, which normally directs HSPA1A-bound clients to the proteasome.

Interestingly, mutations in BAG3 have been implicated in multiple muscular 
and cardiac diseases. In particular, a mutation in proline 209 (P209L) leads to a severe 
and extremely early onset myofibrillar myopathy with associated cardiopathy [10]. 
Based on the mechanistic insights obtained in Chapter 3, we characterized how the 
BAG3-P209L mutation affects BAG3 function. Our data suggest that this mutant has 
dominant negative effects on BAG3 wild-type function. Even though BAG3 P209L can 
bind to its partners and still can induce sequestration of HSPA1A-bound proteasomal 
clients into cytoplasmic puncta, the routing of cargo into autophagosomes seems 
impaired (Chapter 4). 

In chapter 5, we next revisited earlier findings obtained in our lab that revealed 
certain members of the sHsp/HSPB family (HSPB6, HSPB8, HSPB9 and especially 
HSPB7) could protect against aggregation and toxicity associated with expression 
of polyQ proteins that cause neurodegenerative diseases like Huntington’s diseases 
(HD) of several types of Spinocerebellar Ataxias (SCA 1, SCA 2, SCA3, SCA6 and 
SCA7)[11–14]. To test whether these some HSPB members might also be protective 
in another aggregation-disease, we chose as a substrate the RING domain mutant 
(C289G) in the E3 ligase PARK2/PARKIN, which is associated with autosomal 
recessive juvenile onset Parkinson’s disease (PD). The PARK2 C289G mutation 
results in its aggregation. These aggregates are distinct in terms of their appearance, 
intracellular localization and biochemical characteristics from those formed by 
polyQ proteins. Interestingly, except for HSPB7 that is found to be effective in 
preventing both polyQ- and mutant PARK2- related aggregation, we now discovered 
other members (HSPB1, HSPB2, HSPB4) as the most potent suppressors of PARK2 
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C289G aggregation than previously identified as suppressors of polyQ aggregation.  
These data suggest that HSPB members may be less promiscuous in client recognition 
as previously anticipated. Moreover, we found that the mechanism of action of the 
four HSPB members in preventing mutant PARK2-associated aggregation was not 
dependent on the activity of cellular Hsp70s, which challenges the current view in 
which the ATP-independent HSPBs should always depend on ATP-regulated HSP 
for chaperone activities (Chapter 5). 

Finally, we went back to polyQ diseases, aiming at developing an improved 
model to investigate the possible role of chaperones and protein quality control 
in disease attenuation. Current disease models for HD or SCA3 have mostly used 
non-physiological overexpression of mutant huntingtin or ataxin-3 fragments with 
enlarged CAG repeats. Using these models a number of important paradigms for 
the pathophysiological mechanisms of the disease have been provided [15–17].  
For example, it has been shown that the disease is caused by a gain of toxicity 
mechanism, related to aggregation of the polyQ containing protein[17–20]. Moreover, 
these studies have identified a number of potential therapeutic targets. Since we and 
other have shown that boosting various components of the protein quality control 
systems can modify the disease progression in cellular and animal model systems 
[13,21,22]. Consistently, in both HD and SCA patients the CAG repeat length is 
inversely correlated with the age of onset (AO) of the diseases consistent with findings 
that the CAG repeat length is directly correlated with the aggregation proneness of 
respective polyQ proteins [23]. However, in each of these diseases large variations in 
AO between individuals that contain the same CAG repeat have been observed and, 
for example SCA3 up to 50% of the variation in AO between individuals must be 
due to other (genetic) factors that the CAG repeat length itself. To more conclusively 
test whether aggregation-modifying HSP derived from cell model studies may be 
determinants of the CAG-repeat length independent variation in AO, we urgently need 
a patient-representative neuronal models. The technology of induced pluripotent stem 
cell (iPSC) generation could provide such a solution as now it is possible to generate 
neurons from patient-derived cells. In chapter 6, we executed a exploratory/feasibility 
study by generating iPSC lines from 3 different SCA3 patients with comparable CAG 
repeat length but with largely different AO. We show that neurons can be developed 
from iPS cells from all patients and preliminary characterized the neurons in terms of 
aggregation sensitivity and HSP expression (Chapter 6).

In the last chapter (Ch 7), I integrate the findings of this thesis and the literature to 
further illustrate the important role of the chaperones in protein quality control, especially 
when the cellular protein homeostasis is perturbed. Furthermore I explain how boosting 
specific HSP activities may be explores in the future to as means to alleviate protein 
aggregation diseases and reduce age-related decline in (neuronal) cell fragility.
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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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Introduction

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 (Ellis & Hartl, 1999). 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 (TRiC), plus 
several regulatory co-factors (Kampinga et al., 2009). 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 (Morimoto, 2008). Besides their differential 
regulation, the various HSPs also show a large degree of functional diversities 
with respect to client specificity and client processing (Kampinga & Craig 2010).  
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.

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, 
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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 (Fig. 1A). The Hsp40/DNAJ proteins constitute a large family 
consisting of 50 members in humans. All of them contain a J domain, which can bind 
to the N-terminal ATPase domain of Hsp70 and the adjacent linker region. DNAJs 
have been categorized in 3 classes (Fig. 2). Class I and class II J proteins have an 
N-terminal J-domain contain Gly and Phe-rich regions following the 1st 25 amino 
acids carboxy-terminal to the J domain. In C terminal domain 1 (CTD I), canonical 
class I members have a zinc finger-like region (ZFLR) that class II members lack. 
However, class II members often do have Cys-rich stretches. Class II J proteins are 
more heterologous and the J-domain is not always N-terminal. DNAJs members of 
classes I and II are thought to function as promiscuous chaperones independently 
and recruit HSPA to non-native substrate proteins. Other DNAJs (class III) are more 
diverse and combine the J domain with a variety of functional modules (Bukau et al., 
2000; Kampinga & Craig, 2010). While NEFs seem to be mainly involved in client fate 
(Bukau et al., 2000; Kampinga & Craig, 2010) (Fig. 1A). The NEFs BAG1 and BAG3 
can, like all the NEF, associate with the ATPase domain of HSPAs and they can also 
interact with CHIP (C terminus of Hsc70-interacting protein) (Fig.  2). BAG1 has 
been suggested to target proteins for degradation by the UPS, whereas BAG3 was 
suggested to be involved in protein degradation by autophagy [9,25–27]. The latter 
has led to the interesting suggestion that BAG1 and BAG3 may be important factors 
to maintain protein homeostasis [25], a question that will be intensively addressed 
in this thesis.  

The DNAJ/HSPA system might also receive clients from small Hsp/HSPB 
proteins. The HSPB proteins were first described as a set of proteins of small 
molecular weight (15–30 kDa). Some of them have the ability to oligomerize and the 
oligomerization state can modulate the affinity for their different partners and the 
consequent function. 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 (Boncoraglio et al., 2012; Garrido et al., 
2012). Interestingly, interactions between small HSPs (in particular HSPB8) and BAG 
proteins (in particular BAG3) have been reported [12,28] (Fig. 2) further pointing to 
intricate interactions within the cellular chaperone network systems. 
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Figure 1. Model of actions and 
interactions of the HSP 
network required for normal 
protein folding and refolding 
upon (A) acute stress or (B) 
during chronic stress  
HSP families constitute a large 
group of chaperones that interact 
with non-native proteins, 
assisting their correct protein 
folding. HSPs are constitutively 
expressed, but their expression 
level can increase under 
conditions of stress. They are 
mainly divided into groups: 
sHsp/HSPBs, Hsp70/HSPAs, 
Hsp90/HSPCs and members of 
the chaperonin family (see main 
text for details). 
(A) During de novo protein 
folding and for the refolding 
of acute stress-denatured, 
unfolded proteins, the functional 
cooperation of different HSPs is 
primarily aimed at the structural 
stabilization of native proteins 
for (re)folding. However, 
in case of failure of protein 
folding HSPs can also 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 complete 
folding are transferred to the chaperonin or the HSPC system. HSPC proteins require HOP as a co-
chaperone in order to transfer substrates from HSPA to HSPC. Under acute stress conditions, HSPB 
oligomers dissociate into dimers to bind unfolded substrates, thereby avoiding irreversible aggregation 
of client proteins. This process allows ATP-dependent chaperones to assist in the substrates refolding 
when normal physiological conditions are restored.
(B) In the presence of chronic stress, which triggers protein-misfolding, re-folding attempts might be 
particularly unsuccessful. Under such conditions, a HSP network, which rather functions in protein 
unfolding, disaggregation, and specific targeting of the misfolded or even aggregated proteins for 
degradation, is required. Members of each HSP family are shown to interact with mutated/misfolded 
proteins and to reverse the formation of aggregates. However, whether different HSPs functionally 
cooperate with each other in order to modulate mutated protein toxicity is not completely clear yet.
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Proteins that cannot be completely folded by Hsp70/HSPA machines are 
transferred to, or handled independently by Hsp90/HSPC system (Buchner, 1999; 
Yam et al., 2008) (Fig. 1A). Substrate transfer to Hsp90/HSPC protein is mediated 
by the HSP organizing protein (HOP) (Fig. 2), which uses multiple tetratricopeptide 
repeat domains to form a bridge between HSPA and HSPC (Buchner, 1999; Young 
et al., 2001). Hsp90/HSPC is one of the most abundant proteins in eukaryotes and it 
has a central role in cell regulation. Although the mechanism by which client protein 
folding is coordinated with Hsp90/HSPC’s reaction cycle is largely unclear [29,30].  

Finally, Hsp70 machines can transfer clients to the chaperonins (Fig. 1A). 
Chaperonins are a class of oligomeric, high-molecular-weight chaperones.  
They consist of two-ring assemblies with a central cavity, in which substrate folding 
occurs in an ATP-dependent manner. Chaperonins are structurally classified into 
group I and group II. Group I chaperonins comprises HSPD1 in mitochondria and 
Cpn60 in chloroplasts. They cooperate with lid-shaped co-chaperones (HSPE1 and 
Cpn10/20) to encapsulate substrates. The group II chaperonins includes the archaeal 
thermosome and its eukaryotic homolog tailless complex polypeptide-1 (TCP-1) ring 
complex (TRiC), also known as chaperonin-containing TCP-1 (CCT), which have 
a built-in lid [31]. 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 (Seyffer et al., 2012). 

To guarantee the correct folding of newly made proteins, a complex chaperone 
network is required in all cells. The Hsp70/HSPA members are the central organizer 
of the chaperone network, through the physical interaction with members of each 
of HSP families, can orchestrate the fate of newly made proteins. Hsp70/HSPAs can 
receive subset of proteins from chaperones that act upstream, such as DNAJ proteins, 
and when necessary, distribute them to chaperones that act downstream, such as 
Hsp90/HSPC or chaperonin proteins (Fig. 1-2). When the folding is unsuccessful, 
Hsp70/HSPAs throughout the interaction with its NEF BAG1 or BAG3 is able to 
degrade the misfolded proteins.

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 
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Figure 2. Schematic overview of HSPs and BAG co-chaperones protein domains 
and respectives physical interaction.

stress-inducible cytosolic members of the families, which are strongly upregulated 
by heat shock factor-1 (HSF-1), become more important under such conditions 
(Albanèse et al., 2006). 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 (Garrido 
et al., 2012). 

 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 (Haynes & Ron, 2010; Morimoto, 2011; Walter  
& Ron, 2011). Each pathway not only induces the transcriptional up-regulation 
of genes that enhance refolding capacity but also the expression of HSP members 
assisting in degradation of unfolded proteins through the proteasome and lysosome-
mediated pathways, together protecting cells from stress (Parsell & Lindquist, 1993; 
Haynes & Ron, 2010; Morimoto, 2011; Walter & Ron, 2011). 
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HSPs and chronic stress conditions

Protein aggregation hallmarks a high number of chronic diseases (Balch et al., 
2008) 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 (Fan et al., 1999) (Fig. 1B). Of note, 
in recessive diseases, the HSF-1-regulated HSPs can promote some refolding of 
(metastable) mutant proteins, thereby displaying disease-rescuing potential (Yang  
et al., 2013). In addition, chaperone inhibition, resulting in less recognition of the mutant 
peptides and their degradation, has been shown to be protective in such diseases 
(Chanoux & Rubenstein, 2012). Toxic gain-of-function diseases, on the other hand, 
usually manifest with the formation of intracellular and/or extracellular deposits of 
aggregated proteins, as will be further discussed below (Chiti & Dobson, 2006; Balch 
et al., 2008; Morimoto, 2008). 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- to provide protection in chronic 
protein aggregation 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. Interestingly, 
HSP down-regulation is often associated with toxicity and lethality and can result in 
disease itself (Table 1). Therefore, this review will furthermore provide an overview 
of aggregation diseases, known as chaperonopathies, which are caused by mutations 
in HSPs. In this way, we aim to recapitulate the role of HSPs in chronic aggregation 
diseases from two angles: the prevention of toxic gain-of-function diseases and their 
role in causing disease themselves.

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, known as 
proteinopathies, include polyglutamine diseases (polyQ), Parkinson’s disease 
(PD), amyotrophic lateral sclerosis (ALS), and Alzheimer’s disease (AD).  
The monogenic forms of neurodegenerative proteinopathies are rare, and 
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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 neurons (e.g. tau tangles in AD) or outside 
neurons, in the extracellular space (e.g. amyloid-β-plaques in AD). Aggregates 
are generated when proteins become destabilized, either by mutations changing 
their native state (e.g. SOD1 in ALS) or quantity (e.g. α-synuclein in PD), by the 
elongation of a certain domain (e.g. huntingtin in Huntington’s disease, HD), or by 
domain truncations (e.g. TDP-43 in ALS). 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). Although 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 is associated with a different 
pattern or ‘barcode’ of rescue depending either on the HSR or individual HSPs.  
The elucidation of these barcodes provides a platform for a rational design of disease-
specific therapeutic strategies. For each disease, evidence was categorized into  
4 levels (Fig. 3): in vitro (lowest level), cell studies, non-mammalian model systems 
and mammals (highest level). Furthermore, evidence in Fig. 3 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 that 
are extremely rich in β-sheet structure, thereby creating SDS-insoluble aggregates 
(Wellington et al., 2000; Chiti and Dobson 2009). PolyQ expansions in huntingtin 
(Htt), ataxins, and in the androgen receptor have been associated with dominant, late 
onset, toxic gain-of-function diseases; HD, spinocerebellar ataxias (SCA) and spinal 
bulbar muscular atrophy (SBMA), respectively. All these diseases are associated 
with severe motor problems and/or muscle atrophy (Chiti & Dobson, 2009; Banno 
et al., 2012; Seidel et al., 2012). Both age of onset and protein aggregation propensity 
are strongly associated with the length of the polyQ expansion, further suggesting 
that aggregate formation forms the basis of disease (Gusella & MacDonald, 2000; 
Wellington et al., 2000).
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In cells and non-mammalian model organisms, activation of the acute HSR 
pathways has been shown to reduce the extent of polyQ aggregation. Overexpression 
of HSF-1 led to fewer but larger polyQ aggregates in cells (Pierce et al., 2010).  
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 (see Fig. 3 for associated references). 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 (Fujimoto et al., 2005), 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 led to transient beneficial effects, which disappeared during 
disease progression (Labbadia et al., 2011). Moreover, Hsp90/HSPC-inhibition led 
to accelerated degradation of soluble polyQ-Htt, which was apparently independent 
of HSR activation; however, this was most likely due to pleiotropic effects associated 
with the inhibition of Hsp90/HSPC instead (Baldo et al., 2012; Yam et al., 2008; 
Buchner, 1999). 

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 androgen receptor, as well as for its trafficking 
(Peterson & Blagg, 2009). The strong effects of Hsp90/HSPC-inhibitors on SBMA -but 
not HD- suggest that HSF-1-activation and the resulting 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 
(Baldo et al., 2012).

 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 involving larger polyQ expansions, the HSR-regulated HSPs were usually 
rather ineffective compared to non-canonical HSPs (Vos et al., 2010; Hageman  
et al., 2011; Hageman et al., 2012). Some effects of Hsp70/HSPA overexpression on 
polyQ toxicity were reported in Drosophila melanogaster (Fig. 3). However, these 
effects were not associated with aggregate reduction, suggesting that the observed 
protection was due to compensatory effects downstream of aggregate formation; for 
instance, the loss of normal protein quality control functions due to entrapment of 
key chaperones, such as DNAJB1 (Park et al., 2013). 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 disease-progression in the 
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R6/2 HD mouse model (Hansson et al., 2003; Hay et al., 2004). The same is true for 
the canonical small Hsp HSPB1. Opposing an earlier report which suggested that 
HSPB1 overexpression led to a small delay of Htt-toxicity in rats (Perrin et al., 2007), 
studies in a mouse model for HD and cells proved HSPB1 to be rather inefficient in 
delaying polyQ-aggregation (Zourlidou et al, 2007; Fig. 3). Combined these results 
suggest that HSPB1 might have some compensatory effects that initially slightly 
delay disease but are not affecting aggregates directly, thereby eventually proving to 
be insufficient to rescue the disease in mammals.

 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, 
including DNAJB2, DNAJB6, DNAJB8, HSPB6, HSPB7, HSPB8, HSPB9. Interestingly, 
most of them were not, or were only marginally regulated by HSF-1 and were 
not effective in stimulating substrate-refolding after acute stress (Vos et al., 2010; 
Hageman et al., 2011; Hageman et al., 2012; Kakkar et al., 2013). 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. 3). 
Interestingly, our preliminary data regarding transgenic overexpression of DNAJB6 
indicate even larger protective effects in the R6/2 mice (Kakkar et al, in preparation). 
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 
that would be consistent with the important role autophagy plays in proteinopathies 
(Vos et al., 2010; Boncoraglio et al., 2012; Rubinsztein et al., 2012; Gillis et al., 2013; 
Mansson et al., 2013).

 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.

Parkinson’s disease (PD)

About 5-10% of PD cases are monogenic and are caused by either loss-of-function 
or toxic gain-of-function mutations. The most commonly occurring disease-causing 
mutations are in the mitochondria-associated genes Parkin (PARK2), PINK1(PARK6), 
and DJ-1 (PARK7) (Lesage & Brice, 2009; Shapira & Tolosa, 2010; Martin et al., 2011; 
Klein & Westenberger, 2012). Mutations in these genes are recessively inherited and 
usually result in a loss-of-function effect, mainly impeding mitochondrial function 
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and turnover. By contrast, 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) (Lesage & Brice, 2009; Shapira & Tolosa, 2010; Klein 
& Westenberger, 2012). This review will focus on these rare toxic gain-of-function 
mutations. 

 Mutations in or multiplications of SNCA lead to increased oligomerization 
of the gene product 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 (Lesage & Brice, 2009; Martin et al., 2011; Roostaee et al., 2013). 
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 (Shapira & Tolosa, 
2010; Martin et al., 2011). 

 As in polyQ diseases, genetic or chemical activation of HSF-1 can temporarily 
compensate for LRRK2 and α-synuclein toxicity in cells and Drosophila (Fig. 3). 

Although individual HSPs such as DNAJA1, DNAJB2, HSPB2/HSPB3, HSPB6 
and HSPB8 inhibited α-synuclein aggregation in vitro, none of them have proven to 
be effective in cells thus far (Fig. 3). HSPB1 and HSPB5 were effective in preventing 
α-synuclein aggregation in vitro, in cells and in Drosophila; however, there is currently no 
evidence of success in mouse models. Overexpression of HSPA1 was also shown to be 
able to inhibit α-synuclein aggregation in vitro, and decrease α-synuclein toxicity in cells 
and in Drosophila. Moreover, HSPA1 overexpression in mice did show some protective 
effects, although the data are still disputed (Klucken et al., 2004; Shimshek et al., 2010) 
(Fig. 3). As is the case for polyQ diseases, neither Hsp70/HSPA1, nor any other canonical 
HSP could prevent aggregate formation or reduce aggregate size and quantity. 

These 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 
of α-synuclein in mice showed that transgenic overexpression of HSPA5 delayed 
disease onset without affecting cytosolic protein aggregation. Because 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 (Gorbatyuk et al., 2012). 

 To conclude, the biophysical nature and intracellular localization of α-synuclein 
aggregates are clearly different from aggregates in polyQ diseases (Ciechanover  
& Brundin, 2003). Expression of (mutant) α-synuclein rapidly activates HSF-1, 
whereas polyQ expression either does not activate HSF-1 at all, or only transiently 



Chapter 2

28

and very late in disease (Ciechanover & Brundin, 2003; Seidel et al., 2012).  
The potential HSP suppressors of PD thus seem to differ from that of polyQ diseases, 
thereby resulting in a different HSP barcode of potential treatment targets (Fig. 3).

Amyotrophic 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 (Anderson 
& Al-Chalabi, 2011; Al-Chalabi et al., 2012). 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 (Turnder et al., 2013). 
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 (Saccon et al., 2013). Instead, 
the overexpression of mutant SOD1 leads to disease, implying that the mutant gained 
a toxic function (Siddique & Deng, 1996; Anderson & Al-Chalabi, 2011). Mutations in 
SOD1 indeed structurally destabilize the protein, thereby increasing its aggregation 
propensity, which eventually results in amyloid fibril-formation (Luheshi & Dobson, 
2009). Mutations in TDP-43, a RNA- processing protein that usually shuttles 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 granules (Luheshi & Dobson, 2009; Anderson & Al-Chalabi, 2011;  
Al-Chalabi et al., 2012). Mutations in FUS, another protein involved in RNA 
metabolism, also result in large globular and elongated cytoplasmic inclusions 
(Anderson & Al-Chalabi, 2011; Al-Chalabi et al., 2012). 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 characteristic ALS eye-degeneration-phenotype in a TDP-43-model (Gregory  
et al., 2012). In addition, treatment of the SOD1-G93A mouse model with 17-AAG not 
only delayed age of symptom onset, but also increased lifespan (Kieran et al., 2004; 
Kiaei et al., 2005; Kalmar et al., 2008). However, these protective effects were not 
reproducible in the SOD1-G37R or the SOD1-G85R mouse model (Chiti & Dobson, 
2009; Gifondorwa et al., 2012). These contradictory 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. 3). Furthermore, HSPB8 alleviated TDP-
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43 aggregation and toxicity in cells and HSPA1A reduced TDP43-associated eye 
degeneration in Drosophila (Fig. 3). 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 awaits further investigation (Gifondorwa et al., 
2007; Krishnan et al., 2008; Sharp et al., 2008; Gifondorwa et al., 2012). 

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. 3). 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 AD proceeds.  
It is disputed as to whether amyloid-β aggregation leads to cellular stress and results 
in tau-hyperphosphorylation and aggregation (described as the amyloid cascade 
hypothesis), or tau-hyperphosphorylation and aggregation precede amyloid-β 
accumulation (described as the tau-axis-hypothesis) (Goetz et al., 2011). 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 the most common 
isoform, Aβ40, or an amyloidogenic pathway that results in the generation of Aβ42 
(Guerreiro et al., 2012). AD-related mutations in APP usually affect the ratio or 
properties of these different amyloid-β species (Guerreiro et al., 2012). Similarly, 
mutations in PSEN1 and PSEN2, which are rate-limiting components of the 
γ-secretase complex in the amyloidogenic pathway, result in increased generation of 
the more fibrillogenic Aβ42 (Goetz et al., 2011; Guerreiro et al., 2012). 

HSF-1-injection into an APP rat model increased neuronal health and reduced 
Aβ plaque-load (Jiang et al., 2013). Similarly, in another study,  genetic overexpression 
of HSF-1 in APP mice diminished soluble Aβ-levels (Pierce et al., 2013). In line with 
these findings, treatment of APP-mice with the HSF-1 activator celastrol slightly 
decreased Aβ-plaque load (Fig. 3).
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  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. 3). Furthermore, purified DNAJB1, HSPB1, HSPB5 and HSPB8 protect cells 
from extracellular Aβ-toxicity when co-incubated (Wilhelmus et al., 2006; Carnini 
et al., 2012). 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 (Hu et al., 2009; Sakono & Zako, 2010). 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 (Hoshino et al., 2011; Toth et al., 2013). 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 (Hoshino et al., 2011). 

 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 microtubular collapse and in the 
aggregation of tau into well-ordered and periodic protein deposits (Goetz et al., 2011; 
Mandelkow & Mandelkow, 2012). 

In cells, the HSF-1 activator HSF1A reduced tau aggregation by increasing 
proteasomal degradation of tau (Opattova et al., 2013). Likewise, Hsp90/HSPC-
directed drugs, such as geldanamycin, enhanced clearance of tau from cells, thereby 
reducing its toxicity (Fig. 3). Moreover, the HSF-1 activator radicicol and the GA 
derivative 17-AAG alleviated tau toxicity in Drosophila larvae (Fig. 3). 

 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 (Abisambra et al., 2010). 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.
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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. 3). This variability strongly suggests that the neurodegenerative 
proteinopathies discussed in this review are biochemically and biologically distinct. 
Because all proteinopathies presumably 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. 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.

Chaperonopathy: 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 (Macario 
& de Macario, 2002; Macario et al., 2005; Macario & de Macario, 2007). 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). 

 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 4. Overview of chaperonopathies caused by mutations in heat shock proteins 
Mutations that lead to either recessive (grey boxes) or dominant (black boxes) chaperonopathies 
have been described for six ‘families’ of heat shock protein. Each chaperonopathy is 
categorized as a neuropathy, myopathy or retina-related disease (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) (Macario et al., 2005). 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 labeled or “barcoded” these HSP-associated chaperonopathies 
depending on their disease type and inheritance (Fig. 4). 

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). The disease 
is characterized by spasticity of lower limbs due to massive degeneration of distal 
ends of long axons in the spinal cord. The mutation leads to reduced chaperonin 
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activity, which has been attributed to haploid insufficiency due to incorporation of 
functionally deficient Hsp60/HSPD subunits (Bross et al., 2008; Hansen et al., 2002). 
Another chaperonopathy involving Hsp60/HSPD is the recessive mitCHAP-60 
disease, associated with psychomotor developmental delay, where mutations lead 
to entropic destabilization of the Hsp60/HSPD oligomer and cause its premature 
disassembly. This renders Hsp60/HSPD incapable of fulfilling its normal function 
and thus results in disease (Parnas et al., 2009). 

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 (Lee et al., 2003). 

DNAJ related chaperonopathies

There are four recessive chaperonopathies associated with members of the DNAJ family 
(Table 1). The first one involves a DNAJB2 (splice) mutation that causes distal hereditary 
motor neuropathy (dHMN) due to progressive degeneration of motor neurons in the spinal 
cord characterized by muscle weakness of the extremities (Blumen et al., 2012). DNAJB2 has 
several clients and possesses degradation-related functions (Chapple et al., 2004; Westhoff 
et al., 2005). The DNAJB2 mutant is unable to handle its natural clients, which therefore 
eventually aggregate and form intracellular inclusions (Blumen et al., 2012).

The second recessive disease caused by mutations in DNAJ involves DNAJC29. 
Mutations in DNAJC29 lead to cerebellar ataxia with peripheral neuropathy, which 
is referred to as ARSACS. The disease is characterized by dysarthria, distal muscle 
wasting, foot deformities and truncal ataxia, including absence of sensory evoked 
potentials in the lower limbs (Bouchard et al., 1998). 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 (Parfitt  
et al., 2009; Girard et al., 2012). In turn, a recently found ARSACS causing mutation 
(T3702A) resides in the ubiquitin-binding domain of this protein (Gregianin et al., 
2013). However, mutations outside this domain can also lead to disease, and it 
remains unclear if/how this could lead to loss-of-function.

Mutations in DNAJC19 have been identified to cause an autosomal recessive 
cardiomyopathy (Davey et al., 2006; Ojala et al., 2012). DNAJC19 normally plays  
a crucial role in mitochondrial import (Mokranjac et al., 2003), implying that 
deficiency causes disease via mitochondrial defects.
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Table I : Chaperonopathies

Family Mutation Inheritance Disease
Chaperone
Mediated 

rescue
References

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

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
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Family Mutation Inheritance Disease
Chaperone
Mediated 

rescue
References

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

Small Hsp/HSPB

HspB1

P39L, G34R, E41K, 
G84R, L99M, R127W, 

S135F,R136W, 
R140G, K141Q, 

T151I,S156Y, T164A, 
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

NV: Not verified
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More recently, mutations in DNAJC6 were found to be associated with 
juvenile-onset Parkinsonism (Edvardson et al., 2012; Koroglu et al., 2013). DNAJC6/
Auxilin is a neuron-specific protein that assists Hsc70/HSPA8 in mediating clathrin-
coated vesicle disassembly and thus plays a role in synaptic vesicle recycling 
(Ungewickell et al., 1995; Xing et al., 2010). 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, all of which are found in the glycine-phenylalanine region 
(G/F), are associated with limb-girdle muscular dystrophy type 1D (LGMD1D).  
The disease leads to progressive muscle weakness and muscle atrophy. The molecular 
mechanism underlying the disease has been suggested to involve loss-of-function, 
resulting in protein accumulations and autophagic pathology in muscle fibers (Harms 
et al., 2012; Sarparanta et al., 2012). 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. Clinical 
symptoms include a dementia, ataxia and speech disorder which worsens over time.
Normally, DNAJC5 is found in synaptic vesicles and involved in polymerization of 
dynamin (Zhang et al., 2012). 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 (Noskova et al., 2011). 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 is a characteristic feature of this family of HSPs (Boncoraglio et al., 
2012). 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 
(Tessier et al., 2003; Kampinga & Garrido, 2012), 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. 3). There is indeed biochemical evidence that some mutants, 
such as the P182L mutant of HSPB1 (Ackerley et al., 2006), R49C and R116C of HSPB4 
(Andley et al.,2002; Mackay et al., 2003), and R120G, Q151X and 464delCt of HSPB5 
(Bova et al., 1999; Perng, 2004; Hayes et al., 2008) 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 (Lewis et al., 1999; 
Boncoraglio et al., 2012). 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, characterized 
by distal muscle weakness and atrophy and sensory loss (Carra et al., 2008).

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 (Irobi et al., 2004). Similarly, certain 
HSPB1 mutants affect endogenous HSPB8, leading to loss of HSPB8-HSPB1 complex 
formation (Fonatine et al., 2006). Furthermore, abnormal interaction of the R116C-
HSPB4 mutant with HSPB5 and HSPB1 has been reported (Fu and Liang, 2002).

Therefore, not only a toxic gain-of-function (aggregation) might be responsible 
for HSPB-related chaperonopathies, but also a loss-of-function, which could either be 
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 might play  
a role in HSPB-related chaperonopathies.

Chaperone intervention to rescue chaperonopathies 

Different HSPs have a role in anti-aggregation of various proteinopathies (Fig. 3). 
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 overexpression 
of wild-type HSPB1 (Zhang et al., 2010; Raju & Abraham, 2013), BAG3 (Hishiya et al., 
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2011) and wild-type HSPB8 (Zobel et al. 2003). Secondly, aggregation associated with 
the expression of the P182L-HSPB1 mutant in cell models was significantly reduced 
by the overexpression of wild-type HSPB8 (Carra et al., 2010). 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.

Conclusions and future perspectives

The existence 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), boosting HSF-1 activity is usually 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 (Yamamoto et al., 2000). 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 many HSP members that 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 proteinopathies, some of which have now also been 
demonstrated to be effective in mouse models. Interestingly though, several of 
these non-canonical HSPs also cause 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 artefact of their overexpression, but rather reflect an augmentation of 
their natural function. 
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 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 (Mendillo et al., 2002). Although 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

Eukaryotic cells use autophagy and the ubiquitin–proteasome system as their 
major protein degradation pathways. Upon proteasomal impairment, cells switch 
to autophagy to ensure proper clearance of clients (the proteasome-to-autophagy 
switch). The HSPA8/HSPA1A co-chaperone BAG3 has been suggested to be involved 
in this switch. However, at present it is still unknown whether and to which extent 
BAG3 can indeed re-route proteasomal clients to the autophagosomal pathway. 
Here, we show that BAG3 induces the sequestration of ubiquitinated clients 
into cytoplasmic puncta co-labelled with canonical autophagy linkers/markers. 
Following proteasome inhibition, BAG3 upregulation significantly contributes 
to the compensatory activation of autophagy and to the degradation of the (poly)
ubiquitinated proteins.  BAG3 binding to the ubiquitinated clients occurs through 
the BAG domain, in competition with BAG1, another BAG family member, that 
normally directs ubiquitinated clients to the proteasome. Therefore, we propose that 
following proteasome impairment, increasing the BAG3/BAG1 ratio ensures the 
“BAG-Instructed Proteasomal to Autophagosomal Switch & Sorting” (BIPASS). 
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Introduction 

The aggregation of misfolded, mutated proteins is a common basis for many adult 
onset neurodegenerative diseases (e.g. Parkinson disease, Huntington disease, 
Spinocerebellar Ataxias, Spinal and Bulbar Muscular Atrophy, Amyotrophic Lateral 
Sclerosis). Cells have evolved an elaborate protein quality control system, which acts to 
facilitate the (re)folding of un- or misfolded protein species by molecular chaperones. 
When folding is unsuccessful, chaperones can also target the misfolded proteins for 
degradation, thereby preventing protein aggregation.1-5 Intracellular degradation is 
primarily mediated by two proteolytic systems: the ubiquitin proteasome system and 
autophagy.6 The proteasome generally recognizes (poly)ubiquitinated substrates, 
which are primarily short-lived proteins. The autophagic-lysosomal pathway is 
responsible mainly for the degradation of long-lived proteins, protein aggregates and 
entire (damaged) organelles. Sequestration of cytosolic regions by macroautophagy 
was initially perceived as an ‘‘in bulk’’ process. Nevertheless, there is growing 
evidence supporting the existence of different forms of selective macroautophagy7 
that include the degradation of misfolded, aggregated and/or (poly)ubiquitinated 
proteins. These selective forms of macroautophagy are complementary to the 
ubiquitin-proteasome system and compensatory for proteasomal degradation, when 
the latter is impaired.8-10 Numerous studies have shown that changes in both the 
ubiquitin proteasome system and the autophagy-lysosome system occur with age.11-13 

This suggests that a proper balance between these protein quality control systems 
is required for protein homeostasis, also referred to as proteostasis,14 and that its 
alteration may contribute to ageing and disease.15 However, little is known about 
mechanisms controlling autophagic degradation of ubiquitinated and/or damaged 
substrates and, in particular, their re-routing from proteasomal to autophagosomal 
degradation (here referred to as the proteasome-to-autophagy switch).

 Recent studies implicated several members of the BAG (Bcl-2-associated 
athanogene) protein family in cellular protein quality control.11, 16-18 BAG1 has been 
suggested to bridge HSPA1A-bound clients to the proteasome through its ubiquitin-
like domain.19 BAG3 was found to stimulate the selective degradation of several 
disease-associated proteins such as polyQ huntingtin and superoxide dismutase-1 
(SOD1), associated with Huntington disease and Amyotrophic Lateral Sclerosis, 
respectively, by the autophagic machinery.17, 20, 21 To do so, BAG3 cooperates with 
HSPA8/Hsc70, HSPA1A/Hsp70, and/or HSPB8, a member of the family of small heat 
shock proteins17, 22 and with the macroautophagy receptor protein SQSTM1/p62.10, 11 

 Interestingly, during ageing, a change in the expression of BAG1 and BAG3 
seems to occur: whilst BAG1 is expressed at relatively higher levels in young tissue, 
BAG3 is expressed at relatively higher levels in aged tissue and this has been correlated 
with a higher proteasomal activity in young tissues and a more intensive use of the 
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autophagic system in aged tissue.11 These correlative data suggested that the BAG3/
BAG1 expression ratio may play a crucial role in the balance between proteasomal 
and autophagosomal degradation. However, direct evidence for this hypothesis is 
yet lacking.

 Here, we show that BAG3 interacts with HSPA1A-bound ubiquitinated 
proteasomal clients and induces their sequestration into cytoplasmic puncta that also 
contain SQSTM1 and that are next labeled with autophagic markers for degradation. 
Moreover, in the recovery phase after proteasome inhibition, BAG3 not only is 
required for the efficient compensatory activation of autophagy, but also for the 
autophagy-mediated clearance of the accumulating (poly)ubiquitinated clients. 

 Another issue that has remained unclear to date is which signalling 
pathway regulates this proteasome-to-autophagy switch. Likely, the accumulation 
of misfolded and/or (poly)ubiquitinated proteins due to proteasomal failure or 
saturation may be the trigger for such a switch, implying that either the cytosolic 
Heat Shock Response (HSR),23 the Nuclear Factor Kappa B (NFkB) pathway24, 25 and/
or the Unfolded Protein Response in the ER (UPR)26, 27 might play a role. Interestingly, 
several studies showed a link between the HSR, the NFkB pathway, as well as the UPR 
and autophagy activation.24, 25, 28-31 However, whether these pathways do so through 
similar or distinct routes has remained unclear. Here we show that modulation of 
all these three pathways leads to BAG3 upregulation, further pointing to BAG3 as 
a key player in the execution of (poly)ubiquitinated client disposal. In summary, 
our data demonstrate that upon proteotoxic stress conditions, BAG3 plays a key 
role in re-routing (poly)ubiquitinated proteins to autophagy thus restoring protein 
homeostasis.

Results

BAG3 binds to ubiquitinated proteins and re-routes them into cytoplasmic puncta in  
an HSPA1A-dependent manner.

Upon treatment with proteasome inhibitors (poly)ubiquitinated proteins accumulate 
and tend to aggregate.32 In attempt to clear these accumulating (poly)ubiquitinated 
proteins and to restore protein homeostasis, cells induce autophagy as an alternative 
degradative pathway (proteasome-to-autophagy switch).8, 33, 34 Interestingly, treatment 
of HEK293T cells with the proteasomal inhibitors Bortezomib or MG132 leads, in 
parallel to an accumulation of ubiquitinated proteins, to a significant upregulation of 
BAG3 protein levels (Fig. 1A and B), similarly to what has been observed in other cell 
lines.20, 35-37 Furthermore the protein levels of HSPB8, which forms a stoichiometric 
complex with BAG3,17 increase upon proteasome inhibition (Fig. S1A and B).  
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The increase in the levels in both proteins is likely due to a transcriptional activation 
since both BAG3 and HSPB8 mRNA levels are increased (Fig. 1C, Fig. S1C). 

 Since accumulation of ubiquitinated proteins is correlated with an up-
regulation of BAG3 and since BAG3 has been implicated in autophagy,11, 17, 20, 21, 28, 38 we 
wondered whether and to which extent BAG3 participates in the re-routing of (poly)
ubiquitinated proteins to autophagy for degradation upon proteasome inhibition. 
First, we investigated the effect of proteasomal inhibition on the subcellular 
localisation of BAG3. Strikingly, BAG3 colocalization with ubiquitin-positive 
cytoplasmic puncta strongly increased following inhibition of the proteasome 
(Fig. S1D). After proteasomal inhibition, BAG3 was found to colocalize both with 
ubiquitin- and HSPA1A- positive puncta (Fig. 1D and F) and both BAG3 and HSPA1A 
puncta contained SQSTM1 (Fig. 1E and G). SQSTM1 puncta are also decorated with 
ubiquitin (Fig. 1H), consistent with its function as a ubiquitin-binding scaffold protein 
that binds both to (poly)ubiquitinated substrates and the autophagosome marker 
MAP1LC3B/LC3 to assist in their delivery to the autophagosomes for degradation.39 
We next confirmed findings of others36, 39 that Ni-NTA pull-down of his-tagged BAG3 
leads to co-precipitation of (poly)ubiquitinated proteins (Fig. 2B). To address how 
BAG3 binds to (poly)ubiquitinated proteins, we generated a series of BAG3 deletion 
mutants either lacking the fragment containing the two IPV sequences (BAG3-
ΔHSPB8), the BAG domain (BAG3-ΔBAG), the PxxP region (BAG3-ΔPxxP), the WW 
domain (BAG3-ΔWW) or the C-terminal region (BAG3-ΔC) (Fig. 2A). In line with 
previous data,36, 40 binding to the (poly)ubiquitinated proteins was only lost upon 
deletion of the BAG domain, but not upon deletion of any of the other domains (Fig. 2B).

 The BAG domain in all BAG proteins is required for its interaction with the 
ATPase domain of HSPA family.41 Given that the BAG domain is required for the 
interaction of BAG3 with (poly)ubiquitinated proteins and since the HSPA system 
is not only involved in protein refolding but also in the proteasomal degradation of 
ubiquitinated misfolded  proteins,42 we next tested the role of HSPA1A in the BAG3 
interaction with ubiquitinated proteins. In BAG3 expressing cells, HSPA1A was 
knocked-down to below 10% by siRNA (Fig. 2C). In these HSPA1A depleted cells the 
amount of ubiquitinated protein pulled-down with BAG3 was drastically reduced 
(Fig. 2C). To exclude that the ubiquitinated pattern was from ubiquitinated BAG3, 
we compared Ni-NTA pull-downs of the different His-tagged proteins under native 
conditions and denaturing conditions (Fig. 2D). Clearly, the smear of ubiquitinated 
bands in pull-downs in BAG3 expressing cells detected under native conditions 
is lost under denaturing conditions. Again, in BAG3-ΔBAG expressing cells no 
ubiquitinated proteins were pulled-down. Yet, pull-down under both native and 
denatured conditions suggested a potential (mono)ubiquitination of BAG3 for both 
wildtype and BAG3-ΔBAG mutant (Fig. 2D, arrow). These data imply that although 
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BAG3 itself can undergo (mono)ubiquitination, the major fraction of ubiquitinated 
proteins seen upon Ni-NTA pull-down corresponds to HSPA1A-bound, (poly)
ubiquitinated clients. Interestingly, in cells expressing his-tagged HSPA1A, the 
Ni-NTA pull-downs reveal that besides HSPA1A clients, also HSPA1A itself is 
ubiquitininated (Fig. 2D).43

 

Figure 1. BAG3 is induced upon proteasome inhibition and forms cytoplasmic puncta. 
(A-C) HEK293T cells were either left untreated or treated with 20 μM MG132 for 5 h or 100 
nM Bortezomib overnight. Total proteins (A, B) or mRNA (C) were extracted and BAG3 
or BAG1 protein or BAG3 mRNA levels were measured (* = p < 0.05 compared to control; 
n > 3 independent samples +/- sem). (D-H) HeLa cells were treated for 3 h with 20 μM 
MG132 and cells were fixed with formaldehyde followed by acetone treatment. Subcellular 
distribution of endogenous BAG3, HSPA1A, SQSTM1 and ubiquitin was investigated by 
immunofluorescence using specific antibodies. 
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Figure 2. BAG3 binds to (poly)ubiquitinated proteins in an HSPA8/HSPA1A-
dependent manner. 
(A) Schematic representation of the binding domains and partners of BAG3. 
(B) HEK293T cells were transfected with an empty vector or vectors encoding for His-tagged FL 
BAG3 or deletion mutants each lacking one specific binding domain (ΔWW, ΔB8, ΔPxxP, ΔBAG or 
ΔC). 24 h post-transfection cells were lysed and subjected to purification of His-tagged BAG3 with Ni-
NTA beads. (C) HEK293T cells were transfected with a control siRNA (-) or a siRNA directed against 
HSPA1A (+). 48 h post-transfection, cells were transfected with an empty vector or a vector encoding 
for His-tagged BAG3. Cells were subjected to NI-NTA pull-down as described above. (D) HEK293T 
cells transfected with an empty vector or vectors encoding for His-tagged FL BAG3, BAG3-DBAG 
or HSPA1A were subjected to Ni-NTA pull-down under native or denatured conditions. Levels of 
(poly)ubiquitinated proteins, BAG3 and HSPA1A were analyzed in the pulled-down fractions. (E) 
HEK293T cells transfected with an empty vector or vectors encoding for His-tagged FL BAG3 were 
either left untreated or treated with 20 μM MG132 for 3 h and subsequently subjected to Ni-NTA 
pull-down. (B-E) Levels of (poly)ubiquitinated proteins, BAG3 and HSPA1A were analyzed in the 
pulled-down and/or input fractions. Concerning ubiquitin, while the FK2 ubiquitin antibody was 
used in panel B-D, an antibody specific for K48 ubiquitin was used in panel E.
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 Most proteasomal clients are poly-ubiquitinated through lysine-48 (K48) 
chain linkage.44 To test whether the BAG3-HSPA1A substrates that are bound under 
conditions of proteasomal inhibition are indeed proteasomal clients, we treated 
cells for 3 h with MG132 and stained BAG3 pull-down material with a K48-linkage 
specific (poly)ubiquitin antibody (Fig. 2E). The data clearly show that upon MG132 
treatment, an increased amount of K-48 (poly)ubiquitinated proteasomal clients 
become associated with BAG3-HSPA1A.

 To further investigate the involvement of BAG3 in the sequestration of (poly)
ubiquitinated clients, we studied the subcellular distribution of ubiquitin in cells 
overexpressing either BAG3 wildtype or deletion mutants in HeLa cells. Interestingly, 
overexpression of wildtype BAG3, but not of BAG3-ΔBAG, lead to the accumulation 
of ubiquitin in cytoplasmic puncta (Fig. 3A). The BAG3-ΔPxxP mutant also increased 
the appearance of ubiquitin-positive puncta (Fig. 3A). Similar results were obtained 
also in HEK293T cells (Fig. S2). Together with the pull-down data (Fig. 2), these 
results suggest that BAG3 binds via HSPA1A to (poly)ubiquitinated proteins and 
promotes their sequestration in cytoplasmic puncta. 

 To exclude the possibility that BAG3 up-regulation might directly inhibit the 
proteasome, thus inducing the formation of these ubiquitin-containing cytoplasmic 
puncta, enzymatic (caspase, trypsin and chymo-trypsin) activities of the proteasome 
were analysed in cell lysate of BAG3 overexpressing cells. All three enzymatic activities 
of the proteasome were unaffected by the increased BAG3, whilst epoxymicin 
addition (as positive control) severely inhibited all activities (Fig. 3B). Together, these 
data point to a specific role of BAG3, independent from proteasomal inhibition, in 
binding to and sequestering ubiquitinated HSPA1A-clients to cytoplasmic puncta.
Next, we investigated biochemically the fate of ubiquitinated proteins and to what 
extent they might be re-routed to autophagy by BAG3. In cells overexpressing the 
BAG3-ΔBAG, the levels of ubiquitinated proteins did not profoundly change in both 
NP-40 soluble and insoluble fractions (Fig. 4A). However, in cells overexpressing 
the wildtype BAG3 protein, we found significant accumulation of ubiquitinated 
proteins in the NP-40 insoluble fraction (Fig. 4A). This increase in NP-40 insoluble 
ubiquitinated proteins was further enhanced if lysosomal degradation was blocked 
with ammonium chloride (Fig. 4B), suggesting that BAG3-mediated puncta 
formation precedes autophagic degradation. Interestingly, this increase in the 
amount of ubiquitinated proteins in the NP-40 insoluble fraction was also much 
larger for the BAG3-ΔPxxP mutant (Fig. 4A). BAG3-ΔPxxP is unable to interact 
with dynein,10 a key motor protein involved in the retrograde transport of cargo 
towards the perinuclear region of the cells (Microtubule-Organising Center).  
The Microtubule-Organising Center is enriched in autophagosomes and lysosomes 
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and it has been suggested that cargo is transported to these sites (often referred to as 
aggresomes) for autophagosomal-lysosomal degradation.45 Thus, the accumulation 
of ubiquitinated proteins in the NP-40 insoluble fraction in BAG3-ΔPxxP expressing 
cells could be related to the inability of BAG3-ΔPxxP to transport these bound clients 
towards the perinuclear region (defective protein re-routing) and/or to the inability of 
BAG3-ΔPxxP to efficiently induce autophagy. The latter is unlikely, since the BAG3-
ΔPxxP mutant still leads to increased MAP1LC3B conversion similar as wildtype

 

Figure 3. BAG3 induces the accumulation of ubiquitin in cytoplasmic puncta. 
(A) HeLa cells were transfected with GFP and an empty vector or his-BAG3, his-BAG3-ΔBAG or 
his-BAG3-ΔPxxP encoding vectors. 48 h post-transfection cells were fixed with Methanol 100% for 
10 min at -20 °C and subjected to immunofluorescence to investigate the subcellular distribution 
of ubiquitin. The percentage of cells containing ubiquitin positive cytoplasmic puncta is indicated. 
(B) The caspase, trypsin and chymo-trypsin activities of the proteasome were measured in cell 
lysates from BAG3 overexpressing cells (green line) versus control cells (blue line) and in cells 
treated with the proteasome inhibitor epoxomycin (red line) for 30 min. Degradation of the 
fluorogenic peptide substrates was not impaired in BAG3 overexpressing cells.
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Figure 4. BAG3 is required to induce autophagy and clear aggregate-prone (poly)
ubiquitinated proteins following proteasome inhibition. 
(A) BAG3-ΔPxxP leads to accumulation of insoluble ubiquitinated proteins. HEK293T cells 
were transfected with either an empty vector or vectors encoding for his-BAG3, his-BAG3-
ΔBAG or his-BAG3-ΔPxxP. 48 h post-transfection NP-40 soluble and insoluble proteins 
were fractionated. Ubiquitin protein levels were measured in both fractions (* = p < 0.05  
and ** = p < 0.001 compared to empty vector; n = 6 independent samples +/- sem). (B) HEK293T 
cells were transfected with either an empty vector or a vector encoding for His-tagged BAG3. 20 
h post-transfection, cells were treated with NH4Cl 20 mM for 6 h and subsequently let recover 
overnight. The day after, NP-40 soluble and insoluble proteins were fractionated. Ubiquitin 
protein levels were measured in both fractions (** = p < 0.001 compared to empty vector;  
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n = 3 independent samples +/- sem). (C) BAG3-ΔPxxP is defective in client re-routing rather 
than in autophagy induction. HEK293T cells were transfected with either an empty vector or 
vectors encoding for His-tagged FL BAG3 or ΔPxxP. Prior to extraction of total proteins cells 
were treated for 4 h with 10 μg/ml E64d and 10 μg/ml Pepstatin A (+E64d+Peps.A) to measure 
autophagy flux. MAP1LC3B-II/I ratio (normalized against TUBA4A) was measured. (D) 
HeLa cells were transfected with mRFP-GFP-MAP1LC3B and either an empty vector, His-
tagged FL BAG3 or ΔPxxP. Prior to analysis by confocal microscopy, the cells were treated for 
2 h with 20 mM NH4Cl and 0.2 mM Leupeptin (+NH4Cl/Leu) to block the autophagy flux. 
Colocalization efficiency of mRFP with GFP signals was measured using ImageJ software 
and is shown as the percentage of the total number of mRFP puncta that colocalize with GFP 
puncta (yellow bars). The number of mRFP puncta (that do not colocalize with GFP) in all 
conditions is also shown as percentage compared to control cells (red bars). The value indicates 
average and sem from at least six images (** = p < 0.01). (E) Knocking-down BAG3 impairs the 
compensatory activation of autophagy occurring following proteasome inhibition. HEK293T 
cells were transfected with either a control siRNA or a specific siRNA for BAG3. 48 h post-
transfection, cells were treated with 10 μM MG132 for 5 h and 30 min and let recover in drug-
free medium for 24 h (* = p < 0.05 compared to untreated cells; n = 4 independent samples 
+/- sem). (F) BAG3 deficient cells accumulate more insoluble ubiquitinated proteins following 
proteasome inhibition. HEK293T were treated as described in C, but recovery was prolonged 
up to 40 h prior to extraction and fractionation of NP-40 soluble and insoluble proteins.  
(* = p < 0.05 compared to untreated cells; n = 4 independent samples +/- sem). 

BAG3 (Fig. 4C), suggesting that the observed accumulation and insolubilization of 
ubiquitinated proteins in BAG3-ΔPxxP expressing cells indeed relates to inefficient 
client routing to the perinuclear region following puncta formation (Fig. 3A ).10 
Moreover, the  findings that the BAG3-ΔPxxP mutant cannot facilitate the clearance 
of polyQ containing huntingtin22 or mutated SOD1 aggregates,10 would imply that 
the accumulation of ubiquitin-positive puncta per se is not sufficient to stimulate the 
autophagic flux and to ensure proper client disposal. We next monitored autophagy 
using the tandem mRFP-GFP- MAP1LC3B reporter in live imaging experiments. 
HeLa cells were transfected with mRFP-GFP- MAP1LC3B alone or in combination 
with either wildtype BAG3 or BAG3-ΔPxxP. The GFP signal is sensitive to the acidic 
lysosomal pH, whereas mRFP is more stable. Thus, colocalization of GFP and mRFP 
fluorescence indicates phagophores or autophagosomes that have not fused with 
a lysosome. Instead, the mRFP signal without GFP corresponds to amphisomes or 
autophagolysosomes.46 As expected, co-treatment with leupeptin and ammonium 
chloride, the latter raising lysosomal pH, allowed to detect both GFP and mRFP 
fluorescence and lead to increased colocalization of mRFP with GFP signals as 
compared to untreated cells (Fig. 4D, yellow bars). Instead, both BAG3 and BAG3-
ΔPxxP lead to a decrease in the colocalization of mRFP with GFP signals, further 
confirming that both wildtype BAG3 and BAG3-ΔPxxP induce the autophagic flux 
(Fig. 4D, yellow bars), while increasing the percentage of mRFP puncta as compared 
to control cells (Fig. 4D, red bars).
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 If  BAG3 can indeed re-route (poly)ubiquitinated clients to autophagy, it is 
expected that upon proteasome inhibition, siRNA-mediated BAG3 depletion would 
increase the accumulation of aggregate-prone (poly)ubiquitinated clients. Indeed, 
we found that BAG3 is significantly induced in the recovery phase after exposure 
to the proteasome inhibitor MG132 (24 h after recovery; Fig. 4E). This induction 
correlates with the accumulation of ubiquitinated proteins and the induction of 
autophagy (increasedMAP1LC3B-II/I ratio; Fig. 4E and F). Interestingly, blocking 
the MG132-mediated induction of BAG3 by treatment with siRNA abrogated the 
compensatory activation of autophagy occurring during the recovery phase after 
proteasome inhibition (Fig. 4E) and lead to an increased accumulation of aggregate-
prone (poly)ubiquitinated proteins (Fig. 4F; 24 h after recovery), again pointing to  
a key role for BAG3 in the proteasome-to–autophagy switch. These data corroborate 
a recent report by Rapino et al.47 where they show that cancerous cells deficient in 
BAG3 do accumulate a significantly higher amount of ubiquitinated proteins in the 
detergent soluble and insoluble fractions upon proteasomal inhibition.

 Further evidence for such re-routing was next obtained by investigating 
the effect of BAG3 on Ub-R-GFP, a typical proteasomal activity reporter.48 Without 
BAG3 overexpression, the fraction of non-degraded Ub-R-GFP is mainly diffusely 
distributed throughout the cytoplasm and nucleus of HeLa cells (Fig. 5A and B). 
In cells overexpressing BAG3, however, a significant fraction of the Ub-R-GFP was 
found in cytoplasmic puncta and in aggresome-like structures in the perinuclear 
region (Fig. 5A and B). Overexpression of the BAG3-ΔBAG mutant only marginally 
affected the subcellular distribution of Ub-R-GFP (Fig. 5A and B), again pointing 
to requirement of HSPA1A as the chaperone required for the recognition and 
binding of the proteasomal clients. In line, BAG3, but not BAG3-ΔBAG, leads to the 
accumulation of Ub-R-GFP into the NP-40 insoluble fraction (Fig. 5C). Similar results 
were obtained also in HEK293T cells (Fig. S3A and B). In cells overexpressing the 
BAG3-ΔPxxP mutant, Ub-R-GFP accumulated also in puncta, supporting that (only) 
binding via HSPA1A is a pre-requisite to BAG3-driven puncta formation (Fig. 5A-C) 
and consistent with our findings that the PxxP domain is not involved in binding 
to proteasomal clients (Fig. 2). Note, however, that in cells expressing the BAG3-
ΔPxxP mutant the accumulation of Ub-R-GFP in perinuclear structure is impaired, 
consistent with earlier observations by Gamerdinger et al.21

 The Ub-R-GFP cytoplasmic puncta accumulating in cells overexpressing BAG3 
were next found to colocalise with the autophagy markers MAP1LC3B (Fig. 6A), 
WIPI1 (Fig. 6B) and the autophagy linker SQSTM1 (Fig. 6C). Similar data were
obtained in HEK293T cells (Fig. S3C-E). Also in case of overexpression of the BAG3-
ΔPxxP mutant, the Ub-R-GFP cytoplasmic puncta significantly overlapped with 
these three autophagy markers (Fig. 6), in agreement with the fact that it is only
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Figure 5. BAG3 sequesters the proteasomal reporter Ub-R-GFP into cytoplasmic 
insoluble puncta. 
(A) HeLa cells were transfected with Ub-R-GFP and either an empty vector, His-BAG3,  
His-BAG3-ΔBAG or His-BAG3-ΔPxxP. Cells were fixed with formaldehyde/acetone 48 h 
post-transfection. (B) The percentage of cells containing Ub-R-GFP positive cytoplasmic 
puncta is depicted (n = 3 independent samples +/- sem). (C) HEK293T cells were transfected as 
described in A. 48 h post-transfection NP-40 soluble and insoluble proteins were fractionated 
and accumulation of Ub-R-GFP in both fractions was analysed by Western blotting. 
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Figure 6. The Ub-R-GFP containing puncta induced by BAG3 colocalize with 
SQSTM1 and canonical autophagy markers 
(A-C) HeLa cells were transfected with Ub-R-GFP and his-BAG3, his-BAG3-ΔBAG or his-
BAG3-ΔPxxP and subjected, 48 h post-transfection, to immunofluorescence to investigate Ub-
R-GFP colocalization with MAP1LC3B (A), WIPI1 (B) and SQSTM1 (C).



Chapter 3

67

defective in transport towards the perinuclear region, downstream foci formation. 
Taken together, our data strongly suggest that, in the presence of BAG3, model 
proteasomal reporters as well as endogenous ubiquitinated proteins are sequestered 
into cytosolic puncta that now can be degraded through autophagy.

 Next, we followed the fate of a specific endogenous proteasomal client upon 
BAG3 overexpression. Based on a Mass Spectrometry study on BAG3 co-IP proteins 
showing that BAG3 interacts with the E3 ligase Anaphase-Promoting Complex 
subunit 1 (to be published elsewhere), we selected PTTG1/securin since it is targeted 
for proteasome-mediated degradation via the E3 ligase Anaphase-Promoting 
Complex subunit 1.49 Indeed, in control cells, PTTG1 levels significantly increased 
after proteasomal inhibition with Bortezomib, while autophagy inhibition with 
3-methyladenine (3-MA) and wortmannin showed no effect (Fig. 7A). However, after 
overnight overexpression of BAG3, the endogenous PTTG1 levels were significantly 
decreased (Fig. 7B). Interestingly, no significant effect on PTTG1 levels was observed 
upon overexpression of the BAG3-ΔBAG mutant, again supporting the key role of 
HSPA1A in recognizing and binding (at least some of) the clients (Fig. 7B). Moreover, 
BAG3 could still partly decrease PTTG1 levels in cells treated with the proteasome 
inhibitor Bortezomib, but not in cells treated with the autophagy inhibitors 
wortmannin and 3-MA (Fig. 7C). Consistently with our biochemical data, PTTG1 was 
found to colocalize with MAP1LC3B-positive puncta (Fig. 7D) and (partially) with the 
lysosomal marker LAMP2 (Fig. 7E) in cells overexpressing BAG3; this suggests that 
upon overexpression BAG3 can re-route PTTG1 towards autophagy degradation. No 
significant colocalization of PTTG1 with MAP1LC3B puncta was observed in control 
cells or cells expressing BAG3-DBAG (Fig. 7E). 

 Intriguingly, another BAG family member, BAG1 has been shown to be 
engaged in HSPA1A dependent routing of proteins to the proteasome.19 We therefore 
investigated the fate of PTTG1 in BAG3 or BAG1 depleted cells under otherwise 
normal growth conditions. While knock-down of BAG1 lead to PTTG1 accumulation, 
knock-down of BAG3 had no effect (Fig. 7F). This suggests that in resting cells BAG1 
participates in the proteasomal degradation of PTTG1, but that under conditions 
of proteasomal impairment BAG3 is up-regulated and re-routes clients like PTTG1 
towards degradation by autophagy. 
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Figure 7. BAG3 re-routes PTTG1 to autophagy for degradation. 
(A) HEK293T cells were either left untreated or treated with 10 mM 3-methyladenine and 
200 nM wortmannin (3-MA+wort.) or 100 nM Bortezomib overnight. (B) HEK293T cells 
were transfected with an empty vector, his-BAG3 or his-BAG3-ΔBAG encoding vectors.  
(A and B) Expression levels of PTTG1 were measured using a specific antibody. Average 
levels of PTTG1 are reported (** = p < 0.001 compared to untreated cells; n = 4 independent 
samples +/- sem and * = p < 0.01 compared to empty vector; n = 3 independent samples +/- 
sem). (C) HEK293T cells overexpressing empty vector or His-BAG3 were either left untreated 
or treated overnight with 200 nM wortmannin and 10 mM 3-methyladenine (Wort.+3-MA)  
or with 100 nM Bortezomib (Bort.) prior to extraction of total proteins. Average levels of PTTG1 
are reported (** = p < 0.001 compared to empty vector; n = 5 independent samples +/- sem). 
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(D, E) PTTG1 partially colocalizes with myc-MAP1LC3B and LAMP2 in cells overexpressing 
BAG3. (D) HEK293T cells were transfected with a myc-MAP1LC3B encoding vector and 
either an empty vector or his-BAG3. 24 h post-transfection cells were treated with Bafilomycin 
A (100 nM) for 4 h and fixed with formaldehyde; subcellular distribution of myc-MAP1LC3B 
and endogenous PTTG1 were investigated by immunofluorescence. (E) HEK293T cells were 
transfected with His-tagged FL or ΔBAG BAG3 encoding vectors. 24 h post-transfection cells 
were treated with Bafilomycin A for 4 h and fixed with formaldehyde; subcellular distribution 
of endogenous LAMP2 and PTTG1 were investigated by immunofluorescence. (F) HEK293T 
cells were transfected with a scrambled siRNA or with a BAG3 and BAG1 specific siRNA. 
PTTG1 expression levels were measured 72 h post-transfection. Average levels of PTTG1 are 
reported (** = p < 0.001 compared to scrambled siRNA; n = 3 independent samples +/- sem).

Figure 8. BAG3 and BAG1 compete for binding to ubiquitinated proteins. 
(A) The active binding to the proteasome of a fluorescent activity probe was measured in lysates 
from cells expressing either BAG3 alone or together with increasing amount of BAG1. Average levels 
of fluorescent activity probe are reported (** = p < 0.01 and * = p < 0.05 compared to cells transfected 
with BAG3 alone; n = 4-5 independent samples +/- sem). (B) HEK293T cells were transfected with 
either an empty vector (-) or with vectors encoding for HA-BAG1 and/or His-BAG3 alone or together 
(+). 48 h post-transfection His-BAG3 was pulled-down using the Ni-NTA beads and the amount of 
(poly)ubiquitinated proteins and HSPA1A bound to His-BAG3 was analyzed in the pulled-down 
fraction. (C) The amount of BAG3 binding to HSPA1A increased with time after MG132 treatment. 
Immunoprecipitation with a specific HSPA1A antibody was carried out using HEK293T extracts 
from control cells and cells treated with 20 μM MG132 for 5 h. Interaction of endogenous HSPA1A 
with BAG3 was investigated by Western blotting using specific antibodies.
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Client destination is determined by the BAG3/BAG1 ratio.

The PTTG1 data suggested that BAG3 and BAG1 may compete for the binding of clients 
and thereby potentially influencing their destination. Intriguingly, during ageing,  
a condition characterized by a reduction in the proteasome function and a concomitant 
increase in autophagy activation, a relative change in the expression levels of BAG3 
and BAG1 was found.11 We therefore tested the hypothesis that BAG3 re-routes 
clients to cytoplasmic puncta and autophagosomes by competing with BAG1 for 
the HSPA1A-bound (poly)ubiquitinated substrates. We measured the activity of the 
proteasome activity-based probes that fluorescently label proteasomal active sites50  
in lysates from cells expressing either BAG3 alone or together with increasing amount 
of BAG1. Increasing the levels of BAG1 at a fixed BAG3 concentration gradually 
increased the fluorescent signal of the activity probe, indicating that proteasome 
activity was increased (Fig. 8A). Moreover, BAG1 overexpression decreased the 
total amount of HSPA1A and (poly)ubiquitinated proteins pulled-down by BAG3  
(Fig. 8B). In addition, the amount of BAG3 binding to HSPA1A increased after MG132 
treatment (Fig. 8C). Intriguingly, recent findings demonstrate not only that BAG3 
and BAG1 compete for binding to HSPA1A but that there is a hierarchical affinity  
of BAG3 to BAG1,51 further strengthening our data. 

The Heat Shock Response, the NFkB signalling pathway and the Unfolded Protein Response 
all participate to ensure BAG3 upregulation upon proteasome inhibition.

The above described assumption that BAG3:BAG1 ratios are key to client routing 
towards either the proteasome or autophagosome is strongly supported by 
findings that BAG3 expression is significantly induced upon proteasome inhibition  
(Fig. 1) .35-37, 47 Since various stress conditions are known to lead to proteasomal 
impairment or overload, we investigated which of the main stress pathways activated 
upon proteotoxic stress (the Heat Shock Response (HSR), the NFkB signalling pathway
and the Unfolded Protein Response (UPR)) could modulate BAG3 expression.  
We show here, in line with previous reports,52 that BAG3 expression is induced by 
Heat Shock (Fig. 9A). Upregulation of HSPA6, which is only expressed after Heat 
Shock was included as positive control (Fig. 9A). Moreover, activation of the NFkB 
pathway by treatment with TNF alpha (Fig. 9D), as well as activation of the UPR (here 
illustrated by the overexpression of the ERN1/IRE-1 alpha activated transcription 
factor X-box binding protein 1, XBP1) (Fig. 9G), both also lead to upregulation of 
BAG3. These results in HEK293 cells are in line with previous data in other cell lines 
that identified BAG3 as a target for NFkB24 and XBP1,53 respectively. Interestingly, 
we observed that impairment of each of these three pathways by overexpression of 
either a dominant negative form of HSF1 (DN-HSF1; Fig. 9B), a superdominant active 
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form of IkB alpha (IkB alpha SD), which acts as NFkB/RELA repressor (Fig. 9E),54 

or of a dominant negative form of ERN1 (DN-ERN1; Fig. 9H),55 also lead to  
a significant upregulation of BAG3. Furthermore, cells lacking respectively HSF-
1 (Fig. 9C) or XBP1 (Fig. 9I) show higher basal BAG3 expression levels than their 
wildtype counterpart cell lines. This suggests the existence of cross-talk between 
these pathways and that under fragile conditions of impaired stress responses that 
may impede on proteosomal client degradation, cells can still maintain protein 
homeostasis by elevating BAG3 expression ensuring BAG3-directed autophagic 
client clearance. 

 Finally, we tested which of these pathways is essential for BAG3 induction 
upon chemical inhibition of the proteasome. Although in resting conditions the 
expression levels of BAG3 were higher in XBP1-/- cells (Fig. 9I) as compared to their 
wildtype counterpart, treatment with Bortezomib led to further increase in BAG3 
expression in RELA-/- (Fig. 9F) and XBP1-/- cells (Fig. 9I). However, such further 
increase in BAG3 expression after proteasome inhibition was absent in HSF1-/- cells 
(Fig. 9C), implying the HSR as the main regulator for BAG3 up-regulation upon 
treatment of cells with chemicals that impair proteasomal activity.

Discussion

Upon a variety of stress treatments, proteins can become damaged (oxidized), 
unfolded, misfolded and/or may aggregate. Cells have a number of stress response 
pathways (HSR, UPR, NFkB) that activate protein quality control systems to either 
refold or dispose the damaged proteins. Depending on the acuteness, type and 
severity of the stress, chaperone-assisted refolding or proteasomal degradation may 
be sufficient to deal with the damage. However, when these systems are overloaded 
or when the type of damage has become merely non-resolvable, cells can still switch 
to autophagy as a “non-specific” route to degrade (poly)ubiquitinated or/and 
aggregated proteins. How this proteasome-to-autophagy switch is regulated is still 
largely unknown. Yet, several data already had suggested involvement of BAG3.11, 47

 Here we show that BAG3 is not only upregulated upon chemical inhibition 
of the proteasome, but indeed re-routes (poly)ubiquitinated clients to autophagy for 
degradation, thus ensuring their proper clearance and avoiding their accumulation/
aggregation (Fig. 4). Re-routing of clients is not a (passive) consequence of proteasome 
impairment and increased autophagy per se. In fact, the delta PxxP mutant of BAG3, 
which can still bind (via HSPA1A) to the ubiquitinated clients (Fig. 2) and efficiently 
increases the autophagic flux (Fig. 4), lead to the accumulation of aggregate-prone 
ubiquitinated proteins (Fig. 4), due to deficient cargo dynein-mediated transport 
towards autophagosomes.21 Rather, BAG3 actively recruits HSPA1A-bound (poly)
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Figure 9. The Heat Shock Response, the NFkB signalling pathway and the Unfolded 
Protein Response all participate to BAG3 upregulation upon proteasome inhibition. 
(A) HEK293 cells were subjected to a heat shock (HS) for 30 min at 42 °C. Total proteins 
were extracted either immediately after heat shock or 16 h after recovery. Expression levels 
of HSPA6, which is only expressed after heat shock, were analysed as a positive control. (B) 
HEK293 cells stably expressing a tetracycline-inducible DN-HSF1 were either left untreated 
(-) or treated with tetracycline (+) for 48 h. Expression levels of BAG3, HSPA6 and TUBA4A 
were analyzed. (C) Wild-type (+/+) and knockout (-/-) HSF1 mouse embryonic fibroblasts were 
either left untreated (-) or treated with 20 μM MG132 for 5 h or 100 nM Bortezomib overnight. 
Expression levels of BAG3 and TUBA4Awere analyzed. (A-C) Average levels of BAG3 are 
reported (** = p < 0.01 and * = p < 0.05 compared to control; n = 3 independent samples +/- 
sem). (D) HEK293T cells were treated with TNF alpha for 15 min followed by a recovery 
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for 90 min. Expression levels of tumor necrosis factor alpha-induced protein 3 (TNFAIP3), 
whose expression is rapidly induced by the tumor necrosis factor, were analysed as positive 
control. (E) HEK293 cells were transfected for 24 h with either an empty vector (-) or a vector 
encoding for IKBα SD (+). (F) Wild-type (+/+) and knockout (-/-) RELA mouse embryonic 
fibroblasts were either left untreated (-) or treated with 20 μM MG132 for 5 h or 100 nM 
Bortezomib overnight. Expression levels of BAG3 and TUBA4A were analyzed. (E-F) Average 
levels of BAG3 are reported (** = p < 0.01 and * = p < 0.05 compared to control unless indicated;  
n = 3 independent samples +/- sem). (G) HEK293 cells stably expressing XBP1 in a tetracycline-
inducible manner were either left untreated or treated with tetracycline for 48 h. Expression 
levels of BAG3, HSPA5/GRP78, used as positive controls, HSPB8 and TUBA4A were assessed 
using a specific antibody. (H) HEK293 cells stably expressing a tetracycline-inducible DN-
ERN1 were either left untreated (-) or treated with tetracycline (+) for 48 h. Expression levels 
of BAG3 and TUBA4A were analyzed. Splicing of XBP1 was investigated by PCR. (I) Wild-
type (+/+) and knockout (-/-) XBP1 mouse embryonic fibroblasts were either left untreated (-) 
or treated with 20 μM MG132 for 5 h or 100 nM Bortezomib overnight. Expression levels of 
BAG3 and TUBA4A were analyzed. (G-I) Average levels of BAG3 are reported (** = p < 0.01 
and * = p < 0.05 compared to control unless indicated; n = 5 independent samples +/- sem). 

ubiquitinated clients via its BAG domain and next re-routes them via the PxxP domain 
for autophagic clearance (Fig. 10). Once bound to BAG3, the (poly)ubiquitinated clients 
are at first sequestered into cytoplasmic puncta that contains SQSTM1. SQSTM1 is  
a molecule able to bind both to ubiquitin and the autophagosome marker MAP1LC3B, 
which has been shown to facilitate the degradation by autophagy of aggregated (poly)
ubiquitinated proteins.39, 55 BAG3 not only colocalizes with HSPA1A, ubiquitin and 
SQSTM1 into cytoplasmic puncta, but its overexpression induces their formation 
in an HSPA1A-dependent manner. The ubiquitin-containing  cytoplasmic puncta 
induced by BAG3, but not by BAG3-ΔBAG, also colocalize with the autophagosome 
markers MAP1LC3B and WIPI1, strongly suggesting their labelling is required for 
re-routing towards autophagy (Fig. 3 and 5). That this indeed results in autophagic 
degradation of clients and to what extent it is dependent on BAG3 was evidenced 
by the accumulation of aggregate-prone (poly) ubiquitinated proteins in cells where 
the upregulation of BAG3 following proteasome inhibition was impaired by BAG3 
knockdown (Fig. 4).47 The ability of BAG3 to influence the fate of typical proteasome 
clients was further supported by the accumulation of the proteasomal activity reporter 
Ub-R-GFP into cytoplasmic puncta co-labelled with autophagy linkers/markers (Fig. 5) 
and of the endogenous protein PTTG1 of which the degradation upon overexpression 
of BAG3 coincided with its appearance in MAP1LC3B/LAMP2-positive puncta (Fig. 6). 
 While our data suggest a key role for BAG3 upon proteasomal inhibition in the proper 
clearance of accumulating (poly)ubiquitinated clients, it is still unknown to what extent 
BAG3 decides on the fate of typical proteasomal clients in resting cells. 

 Considering that the ubiquitinated proteins pulled-down by BAG3 are not 
directly bound to BAG3, but via HSPA1A, that only BAG3 levels significantly 
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Figure 10. Working model: BIPASS: BAG-Instructed Proteasomal to Autophagosomal 
Switch & Sorting. 
When BAG1:BAG3 protein ratio is in favour of BAG1 (1), HSPA1A-bound clients (70) are 
targeted by BAG1 to the proteasome for degradation (2). Under conditions of proteasomal 
overload, BAG3 expression is upregulated (3), thus changing the ratio in favour of BAG3. 
HSPA1A-bound clients are now mainly taken care by BAG3 (4). BAG3 promotes the 
sequestration of these clients into cytoplasmic puncta that are co-labelled with the autophagy 
adapter SQSTM1 (p62) and the autophagy marker MAP1LC3B (LC3) (5), to be next re-routed 
to autophagosomes for degradation (6). 
 

raise upon proteasome inhibition, and that BAG3 competes for binding to HSPA1A 
with a higher affinity as compared to BAG1,51 overall our data suggest that the 
BAG1:BAG3 expression ratio is key to the fate of ubiquitinated clients to be degraded 
through either the proteasome or autophagosomes (BAG-Instructed Proteasomal to 
Autophagosomal Switch & Sorting; BIPASS; Fig. 10). 

 Amongst the stress pathways that respond to protein damage are the HSR, the 
NFkB pathway and the ERN1 branch of the UPR (Fig. 9). Upon chemical proteasome 
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inhibition, HSF1 seems the key-regulator of BAG3 induction. However, we found 
that genetic deletion of HSF1 and XBP1, as well as impairment of the HSR, the NFkB 
pathway and ERN1 branch of the UPR (by overexpression of dominant negative forms 
of these transcription factors or chemical inhibition) upregulated BAG3 expression, 
as compared to wildtype or resting cells. Together, these data suggest that a tight and 
parallel regulation of the protein homeostasis network by multiple pathways exists 
and underscores the central role that BAG3 plays in protein homeostasis. 

 While our data demonstrate a direct implication of HSPA1A in the recognition 
and binding to ubiquitinated proteins, we cannot at present exclude that BAG3 also 
modulates the fate of clients bound e.g. by its partner HSPB8, which also can pull-
down ubiquitinated proteins (data not shown).  However, surprisingly, deletion 
of the IPV-containing HSPB8 binding domain did not affect BAG3-mediated 
client sequestration and re-routing to autophagy (Fig. 2). This domain is involved 
in binding to the small HSPB proteins HSPB8 and to a lesser extent also alpha B 
crystallin/HSPB5 and heat shock protein, alpha-crystallin-related, B6/HSPB6.17, 56  
Like BAG3, HSPB8 was also upregulated following proteasome impairment (Fig. S1). 
Interestingly, we observed that upon proteasomal inhibition HSPB8 also localised to 
the SQSTM1 puncta but only upon later time points. Since HSPB8 itself can bind to 
(poly)ubiquitinated proteins (data not shown), it thus might also assist BAG3 in the 
autophagy-mediated cargo disposal during persisting stress. 

 Concerning the pathophysiological significance of BAG3 (and HSPB8) 
upregulation, they were found to be upregulated in the post-mortem brain tissue 
of patients suffering of several protein-aggregate diseases57 and in aged tissue11 that 
are all characterized by the accumulation of aggregated and oxidized proteins that 
cannot be handled by the proteasome. In addition, genetic manipulation of BAG3/
HSPB8 levels in cell and fly models can attenuate the accumulation of aggregates of 
disease-causing poly-Q proteins17, 38 and of SOD1 and TAR DNA binding protein/
TDP-43 mutants that cause Amyotrophic Lateral Sclerosis.10, 20, 58 Therefore, this 
complex is not only important for and used by cells to alleviate damage caused by 
acute forms of stress, but its boosting may also serve to clear aggregates in chronic 
neurodegenerative diseases. 

Materials and Methods

Plasmids and reagents. Plasmids encoding human non tagged and myc-tagged HSPB8 
as well as plasmids encoding for HA-tagged BAG1, His-tagged human HSPA1A 
(pcDNA5.1-FRT/TO-His-HSPA1A), BAG3 FL (pCINHisBAG3) or the delta WW, 
delta B8, delta BAG and delta PxxP were described previously.22, 56, 59, 60 The plasmids 
encoding for His-tagged human Bag3 delta C, lacking the C-terminal tail was created 
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by PCR using specific primers and pCINHisBag3 as template. The plasmids encoding 
for IkB alpha SD was a kind gift from Dr. A.J.A. van de Sluis.54 The plasmid expressing 
Ub-R-GFP was provided by Dr. N.P. Dantuma.48 The plasmid encoding for Myc-
MAP1LC3B and for mRFP/GFP-MAP1LC3B were a kind gift of Dr. T. Yoshimori.  
The following reagents were used: Bortezomib (100 nM overnight; Selleck Chemicals, 
S1013), MG132 (20 μM for 3-6 hours; Calbiochem, 474790). 3-Methyladenine (3-MA, 
10 mM, M9281), wortmannin (200 nM, W1628), Bafilomycin A (100 nM, B1793), 
Pepstatin A (10 μg/ml, P5318), E64d (10 μg/ml, E8640), N-ethylmaleimide (NEM, 
20 mM, E3876), Leupeptin (200 nM, L5793) and ammonium chloride (NH4Cl, 20 
mM, A9434) were from Sigma. Human TNF alpha was provided by the Endothelial 
Biomedicine Group of the UMCG (The Netherlands).

Cell Culture, Transfection, and Immunocytochemistry. HeLa (humancervical cancer), 
HEK293, Flp-In T-REx HEK293 and HEK293T (human embryonal kidney) cells 
were grown in Dulbecco’s modified Eagle’s medium with high glucose (Invitrogen, 
41966-052) supplemented with 10% fetal bovine serum (Greiner Bio-One, 758093) 
and penicillin/streptomycin (Invotrogen, 15140-163); for Flp-In T-REx HEK293 cells 
(Invitrogen, K6010-01), 5 μg/ml Blasticidin (Invitrogen, A11139-03) and 100 μg/ml 
of Zeocin (Invitrogen, R250-01) were used. Flp-In T-REx-HEK293 cells cell lines 
expressing either a tetracycline-inducible dominant negative form of HSF1 (HSF1 
DN) or ERN1 (ERN1-DN) or an active form of XBP1 were a kind gift from Dr. N.H. 
Lubsen.61 Cells were transfected by calcium phosphate precipitation as previously 
described.59 Transfection of siRNA for BAG3 (target sequence: gcaugccagaaaccacuca), 
siRNA for BAG1 (target sequence: aggaagagguugaacuaaauu), siRNA for HSPA1A 
(Dharmacon’s SMARTpool siRNA) and a control sequence (Dharmacon’s siCONTROL 
non-targeting siRNA) were performed using Lipofectamine 2000 (Invitrogen, 
11668019), according to the manufacturer’s instructions. Immunocytochemistry 
was performed as previously described,59 except that the cells were either fixed 
with 4% formaldehyde buffer for 9 min at room temperature or with methanol at 
-20 °C. Wildtype (+/+) and knockout (-/-) HSF1 mouse embryonic fibroblasts were 
kindly provided by Dr. Ivor J. Benjamin; wildtype (+/+) and knockout (-/-) XBP1 mouse 
embryonic fibroblasts were kindly provided by Dr. L. Hendershot; knockout (-/-) 
RELA mouse embryonic fibroblasts were kindly provided by Dr. L. Schmitz.

Preparation of protein extracts, Purification of His-tagged BAG3 with Ni-NTA (Ni2+-
nitrilotriacetate) beads, co-immunoprecipitation and antibodies. For preparation of total 
protein extract, cells were scraped and homogenized in 2% SDS lysis buffer as 
previously described.59 For preparation of NP-40 (IGEPAL CA-630, Sigma, I3021) 
soluble and insoluble fractions, cells were harvested in lysis buffer containing  
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20 mM Tris-HCl, pH 7.4, 2.5 mM MgCl2, 100 mM KCl, 0.5% NP-40, 3% glycerol,  
1 mM dithiothreitol (DTT), complete EDTA-free (Roche, 11873580001). NP-40 soluble 
and insoluble fractions were separated by centrifugation at 14000 rpm for 15 min at 
4°C. Purification of His-tagged BAG3 with Ni-NTA (Ni2+-nitrilotriacetate) beads was 
previously described.17, 56 For Ni-NTA pull-down under denaturing conditions, cells 
were washed twice in PBS with NEM (20 mM) and were lysed in 6 M guanidinium-
HCI, 0.01 M NaH2PO4, 0.05% Tween 20, 0.1 M Tris (pH 8.0) plus 20 mM imidazole. 
Lysates were sonicated for 30 s at setting 4 to reduce viscosity. Lysates were 
centrifuged at 14000 rpm for 20 min. Supernatant was mixed on a rotator with Ni-
NTA-agarose beads (Qiagen, 30210) overnight at 4 °C. Ni-NTA-agarose beads were 
successively washed twice with 1 ml of 6 M guanidinium-HCI, 0.01 M NaH2PO4, 
0.05% Tween 20, 0.1 M Tris/HCl and 20 mM imidazole (pH 8.0), followed by three 
washes with the buffer A containing 8 M urea, 0.1 M NaH2PO4, 0.05% Tween 20 
and 0.01 M Tris/HCl (pH 8.0). The bound material was eluted by adding 2% SDS, 
10% β-mercaptoethanol and incubating at 99 °C for 5 min. Proteins were resolved by 
SDS-PAGE, transferred to nitrocellulose membrane and then processed for western 
blotting. Membranes were subsequently incubated with HRP-conjugated secondary 
antibodies (Amersham, anti-rabbit, GEHNA9340; anti-mouse, GEHNXA931)  
at 1:7000 dilution. Visualization was performed with enhanced chemiluminescence 
(ECL) and Hyperfilm (Amersham, PR32106 and GEH28906837, respectively).  
For immunoprecipitation from transfected cells, 24 h post-transfection, cells were 
lysed in a buffer containing 20 mM Tris-HCl, pH 7.4, 2.5 mM MgCl2, 100 mM KCl, 
0.5% IGEPAL CA-630, 3% glycerol, 1 mM DTT, complete EDTA-free. The cell lysates 
were centrifuged and cleared with A/G beads (Santa Cruz Biotechnology, sc-2003) at 
4 °C for 1 h. A/G beads complexed with specific antibodies (anti-HSPA1A antibody) 
were added to the precleared lysates. After incubation for 2 h at 4 °C, the immune 
complexes were centrifuged. Beads were washed four times with the lysis buffer; 
both co-immunprecipitated proteins and input fractions were resolved on SDS-
PAGE. Anti-BAG3 and anti-HSPB8 are rabbit polyclonal antibodies against human 
BAG3 and HSPB8, respectively.17 Mouse monoclonal anti-myc (9E10) was a kind 
gift of Dr. R. Tanguay. The following commercial antibodies were also used in this 
study: mouse monoclonal anti-TUBA4A/α-tubulin (Sigma, T6074), anti-HA (Sigma, 
H3663), anti-HSPA1A/Hsp70 (Stressgen, SPA-810), anti-GFP (Clonetech, 632381),  
anti-IkBα (Cell Signaling, 9242),  anti-BAG1 (Cell Signaling, 3920S), anti-TNFAIP3 
(Cell Signaling, 5630S),  anti-ubiquitin FK2 (Enzo Life Sciences, BML-PW8810), anti-
LAMP2 (Santa Cruz, sc-18822), mouse polyclonal anti-HSPA6 (Stressgen, SPA-754-F), 
rabbit monoclonal anti-ubiquitin K48 (Cell Signalling, 8081S), rabbit polyclonal anti-
HSF1 (Stressgen, SPA-901), anti-SQSTM1/p62 (Enzo Life Sciences, BML-PW9860), 
anti-ubiquitin (DAKO, Z0458), anti-PTTG1 (Abcam, Mab79546), anti-HSPA5/
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GRP78 (Stressmarq, SPC-180), anti-MAP1LC3B (Novus Biologicals, NB100-2220), 
goat polyclonal anti LMNB1/Lamin B (Santa Cruz, sc-6217). For statistical analysis,  
at least three independent samples were analyzed using analysis of variance (one-
way ANOVA) and Student’s t-test.

Quantitative PCR. Total RNA was extracted from HEK293T cells using the Absolutely 
RNA kit (Stratagene, 400800). 1 μg of total RNA was transcribed in first strand cDNA 
using M-MLV reverse transcriptase (Invitrogen, 28025-013). The cDNA synthesis 
was performed with oligo (dT) 12-18 (Invitrogen, 18418-012). Relative changes in 
transcript levels were determined on the Icycler (Bio-Rad) using SYBR green supermix 
(Bio-Rad, 170-8885RK). Calculations were done using the comparative CT method 
according to User Bulletin 2 (Applied Biosystems). For each set of primers, the PCR 
efficiency was determined. Primer sequences used in this study were as follows: 
GAPDH-for: 5’-tgcaccaccaactgcttagc-3’, GAPDH-rev: 5’-ggcatggactgtggtcatgag-3’; 
BAG3-for: 5’-tcctggacacatcccaattc-3’; BAG3-rev: 5’-tctcttctgtagccacactc-3’; HSPB8-for: 
5’-gacgacttgacagcctcttg -3’; HSPB8-rev: 5’-gacacctccacgtatccatc-3’.

In vitro analysis of the caspase, trypsin and chymo-trypsin activities of the proteasome. 48 h 
post-transfection HEK293 cells were harvested in TSDG-buffer (10 mM TRIS pH7.5, 
25 mM KCl, 10 mM Nacl, 1.1 mM MgCl2, 0.1 mM EDTA, 10% glycerol) and lysed 
by three freeze-thaw cycles. Lysates were cleared by a 15 min cold centrifugation 
at 14000 rpm and protein concentrations were determined by a Bradford assay.  
Non-transfected cell lysates were than incubated with 0.5 μΜ epoxomycin for 30 
min prior to the assay. Then 20 μg of the lysates were incubated in a final volume of  
100 ml with fluorogenic peptide substrates (final concentration 10 mM), Suc-LLVY-
AMC for Chymotryptic activity, Ac-RLR-AMC for tryptic activity and Ac-GPLD-AMC 
for Caspase activity (Enzo life sciences, BML-P802, BML-AW9785, BML-AW9560, 
respectively) and fluorescent read-out was done for 10 h at 37 ˚C in a Fluostar plate 
reader (BMG).

In vitro analysis of the proteasome activity. HEK293 cells were resuspended in cold 
TSDG-buffer and lysed by three freeze-thaw cycles. Lysates were cleared by 15 min 
cold centrifugation at 14000 rpm and protein concentrations were determined by  
a Bradford assay. 20 μg of protein lysate were incubated with 0.5 μM of the activity-
based proteasome probe Bodipy-epoxomycin (kind gift of Dr. H. S. Overkleeft) for 1 h 
at 37 ˚C.50 Native SB (50 mM Tris pH 6.8, 50% glycerol, 0.1% BPB) was added and the 
samples were loaded on a 4-12% Bis-tris gel (Biorad). Wet gel slabs were than imaged 
on a Typhoon scanner (GE healtcare) with Cy3/Tamra settings (lex= nm, lem= nm). 
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XBP1 splicing assay. XBP1 splicing was measured by PCR (32 cycles: 95 °C for  
30 s; 58 °C for 30 s; and 72 °C for 2 min and 4 min in the final cycle), using specific 
primers flanking the splicing site (XBP1 PCR up, 5’-ctggaacagcaagtggtaga-3’ and 
low, 5’-actgggtccttctgggtaga-3’) producing the following PCR product sizes: 398 and 
424 bp fragments representing spliced (XBP1s) and unspliced (XBP1u) XBP1, plus 
a hybrid (XBP1h) migrating as a fragment of approximately 450 bp. Products were 
resolved on 3% agarose gels. XBP1h represents a mixture of two hybrid structures. 
Each structure contains one strand from XBP1s and one strand from XBP1u and is 
formed in the final annealing PCR step.61

Tandem mRFP/mCherry-GFP fluorescence microscopy. 24 h post-transfection cells were 
directly examined without fixation under the confocal microscope at 37 °C. Images 
were collected using Zeiss LSM780 Confocal Laser Scan Microscope, 63x/1.3Imm, 
equipped with incubation chamber with CO2 and temperature control. Images were 
processed using ImageJ software (http://rsb.info.nih.gov/ij/). As minor manipulation, 
background correction was applied to all parts of the image. Colocalization efficiency 
of mRFP with GFP signals was measured using Image J Co-localization Coloc 2. 
mRFP puncta that do not colocalize with GFP were then calculated by subtracting  
the colocalized fraction.
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SUPPLEMENTARY DATA

Figure S1. HSPB8 is induced upon proteasome inhibition. 
(A-C) HEK293T cells were either left untreated or treated with 20 μM MG132 for 5h or 100 nM 
Bortezomib overnight. Total proteins (A, B) or mRNA (C) were extracted and HSPB8 protein 
or mRNA levels were measured (* = p < 0.05 compared to control; n > 3 independent samples 
+/- sem). (D) HeLa cells were treated for 5 h with 20 μM MG132 and cells were fixed with 
methanol. Subcellular distribution of endogenous BAG3 and ubiquitin was investigated by 
immunofluorescence using specific antibodies.
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Figure S2. BAG3 induces sequestration of ubiquitin into cytoplasmic puncta. 
HEK293T cells were transfected with GFP, GFP-BAG3, GFP-ΔBAG or GFP-ΔPxxP encoding 
vectors. 48 h post-transfection cells were fixed with Methanol 100% for 10 min at -20 °C 
and subjected to immunofluorescence to investigate ubiquitin subcellular distribution. 
Immunofluorescence pictures show accumulation of ubiquitin in cytoplasmic puncta in cells 
expressing GFP-BAG3 and GFP-ΔPxxP. The percentage of cells containing ubiquitin positive 
cytoplasmic puncta is depicted (** = p < 0.001 compared to GFP; n = 3-4 independent samples 
+/- sem). 
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Figure S3. BAG3 sequesters the proteasomal reporter Ub-R-GFP into cytoplasmic 
insoluble puncta that colocalize with SQSTM1 and canonical autophagy markers. 
(A) HEK293T cells were transfected with a Ub-R-GFP encoding vector and either an empty 
vector or his-tagged FL BAG3 or ΔBAG encoding vectors. Cells were fixed 24 h post-transfection. 
The percentage of cells containing Ub-R-GFP positive cytoplasmic puncta is depicted  
(** = p < 0.001 compared to empty vector; n = 3-4 independent samples +/- sem). (B) NP-
40 soluble and insoluble proteins were fractionated and accumulation of Ub-R-GFP in both 
fractions was analysed by Western blotting. (C-E) HEK293T cells were transfected with Ub-R-
GFP and BAG3 encoding vectors and subjected, 24 h post-transfection, to immunofluorescence 
to investigate Ub-R-GFP colocalization with MAP1LC3B (C), SQSTM1 (D) and WIPI1 (E).
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Abstract

Recent findings highlighted the central role of BAG3, a co-chaperone of Hsp70s, 
in protein degradation upon proteasome inhibition. Mutations in BAG3 have been 
implicated in multiple muscular and cardiac diseases. In particular, a mutation 
in proline 209 (P209L) leads to a severe and extremely early onset myofibrillar 
myopathy with associated cardiomyopathy. In this study we characterized how the 
BAG3-P209L mutation affects BAG3 function. We show that BAG3-P209L induces 
the sequestration of ubiquitinated clients into cytoplasmic puncta and inhibits their 
degradation.
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Introduction

BAG3 is a member of the human BAG (Bcl-2-associated athanogene) family of 
molecular co-chaperones. BAG proteins function as nucleotide exchange factor for 
the HSP70 chaperone family and thereby participate in an ample variety of cellular 
processes [1,2]. The HSP70 family of molecular chaperones can assist in refolding of 
client proteins as well as in degradation of client proteins by the autophagy and the 
ubiquitin proteasomal systems [3–5]. BAG family members have been specifically 
associated with Hsp70-dependent protein degradation [3,6].

Numerous studies have shown that changes in both the ubiquitin proteasomal 
system and the autophagy-lysosome system occur with age [7–9]. Protein homeostasis 
requires an appropriate equilibrium between these protein quality-control 
components [10]. Using polyglutamine (polyQ) proteins as model for aggregation-
prone proteins, it was demonstrated that BAG3, together with its partner HSPB8, 
facilitates the degradation of misfolded polyQ proteins by stimulating aggregate 
clearance via autophagy [11,12]. Interestingly, our recent findings so far indicate 
that BAG3 plays a central role in the mechanism by which eukaryotic cells degrade 
ubiquitinated proteins when the ubiquitin–proteasome system is impaired. Herein, 
BAG3 reroutes these ubiquitinated clients to autophagy in a process that is dependent 
on the interaction of BAG3 with HSP70 and dynein, a process that from now on will 
be referred to as BAG-Instructed Proteasomal to Autophagosomal Switch & Sorting 
(BIPASS) [13].

Mutations in BAG3 have been implicated in multiple muscular and cardiac 
diseases. One mutation, in proline 209 of the IPV (Ile-Pro-Val) motif, is especially 
detrimental. The BAG3-P209L mutation is a rare mutation that leads to a severe and 
early onset myofibrillar myopathy with associated cardiomyopathy [14]. Structural 
studies have shown that the IPV motif is necessary for BAG3 binding to its partner 
HSPB8, which uses the BAG3 IPV motif to form hetero-oligomers [15]. However, how 
exactly the P209L mutation affects the (functional) interaction of BAG3 with HSPB8 
or any of its other partners of BAG3 has remained unclear. In this study we aimed 
to characterize how the BAG3-P209L mutation affects BAG3 function. We show 
that the BAG3-P209L mutant is impaired in its ability to clear protein aggregates.  
This impairment is related to a decrease in stability of BAG3-P209L and abnormal 
sequestration of HSPA1A, HSPB8 and ubiquitinated proteins that accumulate in 
cytoplasmic puncta and become detergent-insoluble.
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Results

BAG3 P209L mutation is not affected in its capacity to bind to HSPB8 or Hsp70s.

The P209L mutation within IxI/V sequence of BAG3 causes a dominant form of 
childhood muscular dystrophy [14]. This motif was shown to be required for 
binding to its partner HSPB8 [15].  To determine whether the P209L mutation alters 
the interaction with its chaperone partners HSPB8 a Flag-tagged BAG3 wild-type 
and P209L mutant were co-expressed with a myc-tagged HSPB8 in HEK293T cells. 
Unexpectedly, FLAG-BAG3-P209L was found to co-immunoprecipitate equally 
efficient with HSPB8 as wild-type BAG3 (Fig. 1A). Also interactions with its partners 
HSPA1A and HSPA8 appeared largely unaffected. 

BAG3 P209L mutation is impaired in its ability to clear polyglutamine protein aggregates.

Next, the consequences of the P209L mutation on the previously reported ability 
of BAG3 to reduce polyQ aggregation [11] was tested. HEK293T cells were co-
transfected with a vector encoding a GFP tagged Huntingtin exon 1 fragment with 
23 or 74 CAG repeats (Ex1Htt23Q or Ex1Htt74Q) alone, or in combination with either 
FLAG-tagged BAG3 wild-type or the P209L mutant. As expected, the accumulation 
of high molecular weight Ex1Htt74Q aggregates retained in the stacking gel was 
reduced by co-expression of the wildtype BAG3 (Fig. 1B). Interestingly, compared 
to wild type BAG3, the mutant BAG3 P209L was significantly less able to reduce the 
formation of high molecular weight Ex1Htt74Q aggregates (Fig. 1B). To obtain a more 
quantitative measure of anti-aggregation effect, we analyzed the accumulation of 
Ex1Htt74Q in SDS-insoluble Ex1Htt74Q fractions. Whereas wildtype BAG3 reduced 
Ex1Htt74Q protein aggregation by more than 60%, the effectiveness of the BAG3-
P209L was significantly reduced to less than 30% aggregate reduction (Fig 1C). It is 
important to note that the P209L mutant still showed residual activity and did not 
enhance polyQ aggregation as would have been expected if the mutation would have 
resulted in a gain of toxic function itself. Similar data were obtained using another 
a vector encoding a YFP tagged ataxin 3 with 64 CAG repeats (YFP-SCA3-64Q), 
associated with Spinocerebellar Ataxia 3 (data not shown).
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Figure 1. The myofibrillar myopathy associated BAG3 P209L mutation shows  
a partial impairment in the protective role toward mutated polyQ proteins. 
(A) HEK293T cells were transfected with an empty vector or vectors encoding for Flag-
tagged FL BAG3 or P209L mutant together with Myc-HSPB8. 24 hr post-transfection cells 
were lysed and subjected to immunoprecipitation with an antibody against Flag-tag.  
The immunoprecipitated complexes were analyzed by Western blotting (WB) using HSPA1A-, 
HSPA8 and myc-specific antibodies. (B) HEK293T were transfected with plasmids encoding 
GFP-tagged Ex1Htt23Q or Ex1Htt74Q together with either an empty vector or Flag-tagged 
FL BAG3 or BAG3 P209L mutant and, total proteins were extracted 48 h post-transfection.  
The effect of the co-chaperones on the accumulation of the high molecular weight insoluble 
forms retained in the stacking gel and the soluble monomeric Ex1Htt23Q or Ex1Htt74Q is 
shown. (C) SDS-insoluble levels of GFP- Ex1Htt74Q were quantified (**, p < 0.001; *, p < 0.05; 
average values ± S.E.M (error bars) of n = 4 independent samples). (D) HEK293T cells were 
transfected with either an empty vector or vectors encoding for Flag-tagged FL BAG3 or 
P209L mutant. Prior to extraction of total proteins cells were treated for 2 hr with Leupeptin 
(200 uM) and ammonium chloride (NH4Cl, 20 mM) to measure autophagy flux. MAP1LC3B- 
II/I ratio (normalized against GAPDH) was measured.
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BAG3 P209L expression leads to an increased autophagic flux similar to wild-type BAG3.

Previous reports showed that increased BAG3 expression stimulates the turnover of 
autophagic vacuoles [6,11,13]. Here, we confirmed the stimulation of the autophagic 
flux upon overexpression of wild-type BAG3, which is reflected by increased levels of 
LC3 II upon inhibition of the final stage of autophagy (fusion of the autophagosomes 
with lysosomes; Fig 1 D) [11]. We next asked whether the decreased efficiency of 
P209L BAG3 mutant to inhibit mutated protein aggregation could be ascribed 
to a change in its ability to induce autophagy. Surprisingly, overexpressing of the 
P209L mutant revealed that there was no change in its ability to induce an increased 
turnover of autophagic vacuoles (Fig. 1 D). Altogether, these results show that the 
P209L mutation leads to a partial loss of BAG3-function, which is reflected in its 
ability to clear polyglutamine aggregates. However, this partial loss of function is 
neither due to changes in the mutant ability to bind to its main co-chaperone partners 
HSPB8 and Hsp70s, nor due to a loss of its ability to induce autophagy.

BAG3 P209L results in an altered intracellular distribution and solubility of itself and its 
HSP partners. 

We recently found that BAG3 is up-regulated under conditions of proteasomal 
inhibition and subsequently reroutes proteasomal clients to autophagy (BIPASS). 
In doing so, BAG3 leads to formation of cytoplasmatic puncta that are positive for 
HSPA1A (Hsp70) and ubiquitinated proteins if the proteasome is inhibited [13].  
In non-proteasomally impaired cells, wild type BAG3 showed a diffuse cytoplasmic 
staining, (Fig 2 A) as before [13]. However, a significant fraction of the mutant BAG3-
P209L could be found in cytoplasmic puncta of otherwise normally appearing cells 
(Fig. 2 A). In line, an increased fraction of BAG-P209L is found in the NP-40 insoluble 
fraction (Fig. 2 B).  Of note, these BAG3 P209L puncta did not overlap with the ER, 
Golgi, Mitochondria or Lysosomes (Fig. 2 F and data not shown). In parallel with BAG3 
P209L insolubilization, we found a significant increase of HSPA8 and HSPB8 and to  
a lesser extent HSPA1A in the NP-40 insoluble fraction of BAG3-P209L overexpressing 
cells as compared to BAG3 overexpressing cells. In addition, immunocytochemical 
analyses revealed that HSPB8 and HSPA1A formed cytoplasmic puncta that co-
localize with mutant BAG3 P209L (Fig.2 C and E). Surprisingly, HSPA8 was also 
found in cytoplasmic puncta, which did not co-localize with BAG3-P209L (Fig.2 D)
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Figure 2. BAG3 P209L is an instable protein that leads to destabilization of its 
chaperones partners. 
(A) Hela cells were transfected for 24hr with Flag-tagged BAG3 WT or BAG3 P209L. Subcellular 
distribution of BAG3 (green) and nuclei (blue) were investigated by immunofluorescence. 
(B) HEK293T cells were transfected as described in Fig. 1 A. 24 hr post-transfection NP-
40 soluble and insoluble proteins were fractionated and accumulation of BAG3, HSPA1A, 
HSPA8, HSPB8 and ubiquitin was analysed in both fractions by Western blotting. (C-D) Hela 
cells were transfected with Flag-tagged BAG3 P209L. Cells were fixed with 2% formaldehyde 
for 10 min. Subcellular distribution of endogenous BAG3, HSPA1A and HSPA8 was 
investigated by immunofluorescence using specific antibodies. (E) Hela cells were transfected 
with Flag-tagged BAG3 P209L and Myc-HSPB8. Cells were fixed with 2% formaldehyde 
for 10 min. Subcellular distribution of endogenous BAG3 and HSPB8 was investigated by 
immunofluorescence using anti-Flag and anti-Myc antibodies. (F) Hela cells were transfected 
with Flag-tagged BAG3 P209L and ERdsRed. Subcellular distribution of endogenous BAG3 
and ER was investigated by immunofluorescence.
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Bag3 P209L mutant leads to accumulation of ubiquitinated protein. 

As BAG3 was found to redistribute ubiquitinated clients to autophagy for degradation 
[13], we wondered whether expression of BAG3 P209L may impede on this process 
during normal growth condition and lead to an altered distribution of ubiquitinated 
proteins. Similarly to what we previously observed, ectopic overexpression of wild 
type BAG3 led to the accumulation of ubiquitin in cytoplasmic puncta. A similar effect 
was observed in non- transfected cells treated with the proteasome inhibitor MG132 
(Fig. 3 A), in which endogenous BAG3 was upregulated [13]. Ectopic expression of 
the BAG3-P209L mutant led to a much larger increase in ubiquitin-positive puncta 
(Fig. 3 A), a pattern similar to that of the BAG3 DPxxP mutant, which cannot bind 
to dynein [6]. Furthermore, just as BAG3 P209L, BAG3 DPxxP has been found to be 
defective in the autophagic clearance of mutated huntingtin (Fig. 1)[16]. 

To investigate whether the P209L mutant was still able to bind to ubiquitinated 
proteins, we compared Ni-NTA pull-downs of the His-tagged wild-type BAG3 with 
the His-tagged P209L BAG3 mutant. We first confirmed previous findings [13,17] 
that Ni-NTA pull-down of his-tagged BAG3 led to co-precipitation of ubiquitinated 
proteins. Interestingly, the amount of ubiquitinated proteins pulled-down by BAG3 
P209L was larger than for the wild type BAG3 (Fig. 3 B). We next investigated whether 
the overexpression of BAG3 P209L led to a large accumulation of ubiquitinated 
proteins in the NP-40-insoluble fraction is a similar manner as was found for the 
BAG3 DPxxP [13]. In line with our previous findings, overexpression of wild type 
BAG3 caused some accumulation of ubiquitinated proteins in the NP-40 insoluble 
fraction (Fig 2 B- 3 D). However, the increase in the amount of ubiquitinated proteins 
in the NP-40 insoluble fraction was much larger in cells overexpressing BAG3 P209L 
(Fig 2 B- 3 D). This result implies that the P209L mutant of BAG3 is fully capable of 
binding and rerouting client to puncta, but deficient in the subsequent stimulation of 
its degradation (by autophagy).

To further test this hypothesis we used a Hela cell line stably expressing  
Ub-G76V-GFP, a protein normally degraded by the proteasome [18] but rerouted 
to autophagic degradation upon BAG3 overexpression [13]. The total protein levels 
of Ub-G76V-GFP were found to increase upon overexpression of BAG3 P209L but 
not upon overexpresssion of wild type BAG3 (Fig. 3 C). Similarly, BAG3 P209L, but 
not wild type BAG3, led to the combined accumulation Ub-G76V-GFP and other 
ubiquitinated proteins into the NP-40 insoluble fraction (Fig. 3 D). Altogether these 
results demonstrate that BAG3 P209L, which can still bind HSPA1A (Fig. 1A) and 
efficiently increases the autophagic flux (Fig. 1 D), leads to the accumulation of 
aggregate-prone ubiquitinated proteins (Fig. 3). These ubiquitinated proteins seem 
to be sequestered but not adequately processed by autophagosomes.
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Figure 3. Bag3 P209L mutant impairs proteasomal degradation of ubiquitinated protein. 
(A) HEK293T cells were transfected with an empty vector or vectors encoding for Flag-tagged 
FL BAG3 or P209L mutant. Prior to analysis by confocal microscopy, the cells were treated 
for 2 hr with Mg132 20 μM.  48 hr post-transfection cells were fixed with 2% formaldehyde 
for 10 min and subjected to immunofluorescence to investigate the subcellular distribution of 
ubiquitin. (B) HEK293T cells were transfected with an empty vector or vectors encoding for 
His-tagged FL BAG3 or P209L mutant. 24 hr post-transfection cells were lysed and subjected 
to purification of His-tagged BAG3 with Ni-NTA beads. (C) Hela cells stably expressing  
Ub-G76V-GFP cells were transfected with an empty vector or vectors encoding for Flag-
tagged FL BAG3 or P209L mutant. Total proteins were extracted 24 hr post-transfection.  
(D) Hela cells stably expressing Ub-G76V-GFP were transfected as described in (C).  
24 hr post-transfection NP-40 soluble and insoluble proteins were fractionated and 
accumulation of BAG3, Ub-G76V-GFP and ubiquitin was analysed in both fractions by 
Western blotting.
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Discussion

Overexpression of BAG3 was found to promote the autophagy dependent clearance 
of aggregation-prone protein, such as polyQ proteins and SOD1 [6,16]. In addition, 
BAG3 can compete with its family member BAG1 for Hsp70-bound clients. Upon 
BAG3 upregulation routing of polyubiquitinated substrates to proteasomes, which 
is normally mediated by BAG1 [3], is shifted towards a BAG3-dependent routing of 
clients to autophagosome (BIPASS)[13]. This BAG3:BAG1 ratio is found to increase 
during aging, paralleled by a shift from proteasomal to autophagosomal degradation 
[9]. In this study, we show that a mutation in the proline 209 of BAG3 that causes  
a dominantly inherited severe and early onset myofibrillar myopathy with associated 
cardiomyopathy [14], leads to a partial loss of function in the suppression of polyQ 
aggregates. In addition, we found that overexpression of this mutant leads to an 
accumulation of endogenous polyubiquitinated proteins. .Interestingly, in all our 
overexpression experiments, we consistently found higher expression levels of 
the mutant BAG3 P209L compared to wild type BAG3 (Figure 1), suggesting that 
increased stability of the mutant has is increased, thereby artificially further raising the 
BAG3:BAG1 ratios. So, in case of expression of the mutant BAG3 P209L competition 
for client routing towards the proteasomal routing may be hampered even in cells 
where the proteasomes are fully functional. Importantly, the P209L mutant is fully 
capable of binding to its partners HSPB8 and HSPA1/HSPA8, it can sequester clients 
into puncta and leads to an increased autophagic flux, but it seems to be defective in 
cargo delivery. In addition, excess of routing to the autophagosomes occurs because 
of the higher BAG3:BAG1 rations, clients bound to BAG P209L are not delivered to 
the autophagosomes, resulting in a drastically impaired protein turnover leading to 
the observed accumulation of ubiquitinated proteins. Note that the magnitude of this 
effect is comparable to the accumulation of ubiquitinated proteins upon chemical 
inhibition of the proteasome. In addition, expression of BAG3-P209L leads to  
an insolubilization of several major chaperones, which may negatively affect protein 
quality control leading to an even further decline in protein homeostasis.

The combination of biochemical defects we describe here for expression of the 
BAG3 P209L (increased client routing but defective processing into autophagosomes 
plus depletion of chaperones) could contribute to the development of severe and 
early onset myofibrillar myopathy. In fact, myofibrillar myopathy is distinguished by 
myofibrillar disruption and Z-disc disintegration, associated with protein aggregation 
and ectopic accumulation of myofibrillar proteins, which reflect imbalances in protein 
clearance.
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Materials and Methods

Plasmids and reagents. FLAG-BAG3 and FLAG-BAG3-P209L plasmids were kindly 
provided by Shiniji Takayama. pCDNA3-FLAG-C1, used as a control, and ERdsRed 
were from Invitrogen (Carlsbad, CA, USA). Plasmid encoding human myc-tagged 
HSPB8 were described previously [11]. MG132 (20 μM for 3 hours) was purchased 
from Millipore Corporation (Billerica, MA, USA), and Leupeptin (200 uM) and 
ammonium chloride (NH4Cl, 20 mM) from Sigma-Aldrich (St Louis, MO, USA). 

Cell Culture, Transfection, and Immunocytochemistry.  HeLa (humancervical cancer), 
Flp-In T-REx HEK293 and HEK293T (human embryonal kidney) cells were grown in 
Dulbecco’s modified Eagle’s medium with high glucose (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum and penicillin/streptomycin; for 
Flp-In T-REx HEK293 cells (Invitrogen, Carlsbad, CA, USA), 5 μg/ml Blasticidine 
(Sigma-Aldrich, St Louis, MO, USA) and 100 μg/ml of Zeocin (Invitrogen, Carlsbad, 
CA, USA) were used. Hela cell line expressing Ub-G76V-GFP was a kind gift from 
Dr. N. Dantuma. HEK293 and HEK293T cells were transfected by calcium phosphate 
precipitation as previously described [11]. Transfection of HeLa cells was performed 
using Lipofectamine (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s 
instructions. For immunofluorescence, Hela cells were plated on poly-D-Lysine 
(Sigma-Aldrich, St Louis, MO, USA) coated cover slips.  24 hours after transfection 
Hela cells were washed twice with PBS (Gibco) and fixed with 2% formaldehyde 
(Sigma-Aldrich, St Louis, MO, USA) for 10 minutes at room temperature. Cells 
were permeated using 0.1% triton in PBS for 7 minutes at room temperature and 
later incubated in PBS+ (0,5% BSA and 0,15% Glycine in PBS). Cells were incubated) 
primary antibodies overnight at 4°C. Cells were washed four times with PBS+ and 
incubated with Alexa Fluor 488 Donkey Anti-Rabbit IgG (Invitrogen, Carlsbad, CA, 
USA), Alexa Fluor 594 Donkey Anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) 
for 1.5 hours at room temperature. Cells were washed two times and mounted in 
glycerol (Agar Scientific). Confocal images were obtained using a confocal laser 
scanning microscope (Leica TCS SP8) with a 63X/1.32 oil objective. 

SDS-soluble and -insoluble Cell Extracts. For PAGE analysis of SDS-soluble and SDS-
insoluble proteins, the cells were scraped, homogenized, and heated for 10 min at 
100 °C in 2% SDS sample buffer supplemented with 50 mM dithiothreitol. After 
centrifugation for 20 min at room temperature, two fractions, the supernatants and 
the SDS-insoluble pellets, were obtained. The supernatants were used as the SDS-
soluble fraction. The SDS-insoluble pellets were incubated with 100% formic acid for 
30 min at 37 °C, lyophilized overnight, and finally resuspended in 2% SDS sample 
buffer. Both SDS-soluble and SDS-insoluble fractions were processed for Western 
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blotting. Results are expressed as mean ± SEM. Statistical significance was analysed 
using an independent t-test. P<0.05 was considered statistically significant, * P<0.05, 
** P<0.001.
 
Preparation of protein extracts, co-immunoprecipitation, purification of His-tagged BAG3 
with Ni-NTA (Ni2+-nitrilotriacetate) beads and antibodies. For preparation of total 
protein extracts, cells were scraped and homogenized in 2% SDS lysis buffer as 
previously described [11]. For immunoprecipitation from transfected cells, 24 h post-
transfection, cells were lysed in a buffer containing 20 mM Tris-HCl, pH 7.4, 2.5 mM 
MgCl2, 100 mM KCl, 0.5% Nonidet P-40, 3% glycerol, 1 mM DTT, complete EDTA-
free (Roche, Penzberg, Upper Bavaria, Germany). The cell lysates were centrifuged 
and cleared with A/G beads (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 
4 °C for 1 h. A/G beads complexed with specific antibodies (anti-HSPA1A antibody) 
were added to the precleared lysates. After incubation for 2 h at 4 °C, the immune 
complexes were centrifuged. Beads were washed four times with the lysis buffer; both 
co-immunoprecipitated proteins and input fractions were resolved on SDS-PAGE. 
For preparation of Nonidet P-40 (NP-40) soluble and insoluble fractions, cells were 
harvested in immunoprecipitation lysis buffer. NP-40 soluble and insoluble fractions 
were separated by centrifugation at 14000 rpm for 15 min at 4°C.  For purification 
of His-tagged BAG3 with Ni-NTA beads, cells were scraped and homogenized in 
lysis buffer (20 mM Tris/HCl, pH 7.4, containing 2.5 mM MgCl2, 3% (v/v) glycerol, 
0.5% NP40, 150 mM NaCl, 10 mM imidazol and 1× complete protease EDTA-free). 
His6-tagged FL-Bag3 was purified from NP40-soluble lysates using Ni-NTA agarose 
beads (Qiagen). After thorough washing, five times with washing buffer 1 (20 mM 
Tris/HCl, pH 7.4, containing 2.5 mM MgCl2, 3% (v/v) glycerol, 0.5% NP40, 150 mM 
NaCl, 20 mM imidazole) , proteins bound to the beads were recovered by boiling in 
2% SDS sample buffer, separated by SDS/PAGE (10% gel) and analysed by Western 
blotting. The input corresponds to a tenth of the purified fraction. Mouse monoclonal 
anti-FLAG antibody was from Sigma-Aldrich (St Louis, MO, USA), while mouse 
monoclonal anti-HSPA1A/Hsp70 and rat polyclonal anti-HSPA8 antibodies were 
from Stressgen (San Diego, CA, United States). Mouse monoclonal anti-GFP and 
anti-myc(9E10) antibodies were from Clonetech (Mountain View, CA, USA) and MBL 
International (Woburn, MA, USA), respectively. Rabbit polyclonal anti-MAP1LC3B 
and mouse monoclonal anti-ubiquitin (FK2) antibodies were from Novus Biologicals 
(Littleton, CO, USA) and Enzo Life Science (Zandhoven, Belgio), respectively.
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Abstract 

The C289G mutation of the parkin E3-ubiquitin protein ligase (PARK2) is associated 
with autosomal recessive juvenile onset Parkinson’s disease and was found to be 
associated with protein aggregation. Members of the human small heat shock 
proteins (HSPBs) have been implicated in protein degradation and prevention 
of protein aggregation. In this study, we show that of the ten HSPB members, 
individual overexpression of HSPB1, HSPB2, HSPB4 and HSPB7 suppresses PARK2  
C289G-associated protein aggregation. Intriguingly, the protective actions of these 
HSPBs are not impaired upon inactivation of the ATP-dependent HSP70 chaperone 
machines.  Depending on the HSPB member the protective actions involve either 
autophagic or proteasomal degradation pathways. 
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 
and is characterized by degeneration of dopaminergic neurons and the presence of 
cytoplasmic inclusions, called Lewy bodies, in the substantia nigra. PD is mostly 
sporadic, however several familial forms are known, including mutations in the 
PARK2 gene. PARK2 codes for the parkin RBR E3-ubiquitin protein ligase, which has 
been associated with autosomal recessive juvenile onset Parkinson’s disease (ARJPD) 
[1]. PARK2/PARKIN is an E3-ubiquitin protein ligase, predominantly expressed in the 
muscles and the brain [1,2]. PARK2 consists of an ubiquitin-like (UBL) domain at the 
N-terminus and two RING-domains at the C-terminus, of which the latter are essential 
for PARK2’s ubiquitin ligase function [2,3]. Besides its ubiquitin ligase function, PARK2 
is a key player in the mitochondrial quality control system [4]. One of the recessive 
mutations in PARK2 is the PARK2 C289G mutation, located at the RING1 domain and 
suggests loss of function as the prevalent cause in juvenile onset PD. Yet, expression 
of PARK2 C289G is associated with its sequestration into protein aggregates, as the 
affected cysteine residue is important for the structural stability of the PARK2 protein 
[5–7], which suggest that this PARK2 mutant may (also) exert dominant negative 
effects or have a gained toxic (aggregation-related) function. In line, Khan et al. (2003) 
reported on twenty-four ARJPD cases of which ten patients had only one allele that 
was mutated [8]. In addition, non-PD patients with a single PARK2 mutant allele were 
found to manifest behavioural disorders and nigrostriatal dysfunction [9,10]. 

A potential strategy to counteract the protein aggregation associated with PARK2 
C289G expression may be achieved by the action of members of the family of small heat 
shock proteins (HSPBs). All HSPBs contain an α-crystallin domain, flanked by variable C- 
and N-terminal regions [11,12]. For several of the HSPB members, it was shown that they 
can bind to non-native proteins and either facilitate their correct folding or assist in their 
degradation [11,13]. The HSPBs lack ATPase activity and therefore are generally thought 
to require the ATP-dependent HSP70 chaperone machinery for their activities [13], 
although HSP70-independent chaperone actions have also been suggested [12,14]. The 
importance of HSPBs in neuro/muscular functioning appears from the many muscular 
and neurodegenerative diseases caused by mutations in the HSPBs members [11,12,15] 
and their up-regulation in numerous pathological conditions [16,17]. Moreover, up-
regulation of several HSPBs was found to be protective in a number of protein aggregation 
disease models for polyglutamine (polyQ) diseases and Amyotrophic Lateral Sclerosis 
(ALS) [11,14,15,18,19]. These data prompted us to test if members of the HSPB family 
might also be able to suppress aggregation related to expression of the PARK2 C289G 
mutant. Our dedicated screen revealed that HSPB1, HSPB2, HSPB4 and HSPB7 are 
potent suppressors of PARK2 C289G aggregation in mammalian cells. This result differs 
from what we found for polyQ diseases, where HSPB7, HSPB8 and HSPB9 were the 
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most protective members [14,20]. The anti-aggregation activity of the HSPBs was not 
found to depend on the Hsp70/HSPA chaperone system, but either involved support 
of clearance of PARK2 C289G aggregates via autophagy (HSPB7) or via proteasomal 
degradation of PARK2 C289G (HSPB1).

Results

HSPB1, HSPB2, HSPB4 and HSPB7 are able to suppress PARK2 C289G aggregation.

The C289G missense mutation in the PARK2 RING-domain alters the intracellular 
distribution pattern of PARK2 and decreases its solubility [5,21]. We confirmed that 
in HEK293 cells ectopically expressed wild type (WT) PARK2 is diffusely distributed, 
whereas PARK2 C289G forms inclusions in 56.3% of the cells within twenty-four 
hours (Fig. 1 A). In line, the majority of PARK2 wild type (50 kDa) was found in 
the Triton X100-soluble fraction, whereas a major fraction of the PARK2 mutant had 
become TX-100 insoluble (Fig. 1 B). The appearance of a smear above the 50kDa band 
of PARK2 mutant has previously shown to be attributed to the loss of inhibition of its 
auto-ubiquitination activity [7]. The lower 42 kDa band is an N-terminal truncated 
PARK2 species resulting from an internal initiation site within the PARK2 gene 
[22]. In addition, a significant amount of PARK2 mutant was found in the stacking 
gel (high molecular weight, HMW: Fig. 1 B), implying formation of SDS-insoluble 
aggregates. 

HSPBs have been shown to prevent the aggregation of several aggregation-
inducing proteins, their effectiveness seemingly depending on the substrate and 
physical properties of the aggregate it forms [11]. When co-expressing the different 
HSPB members with PARK2 C289G (Fig. S1 A), a major reduction in the aggregation 
of PARK2 C289G was seen in cells co-expressing HSPB1, HSPB2, HSPB4 or HSPB7, but 
not in cells co-expressing the other HSPB members (Fig. 1 C). Immunocytochemistry 
confirmed these effects, showing significantly lower percentages of PARK2 puncta in 
cells co-expressing HSPB1, HSPB2, HSPB4 or HSPB7 compared to control conditions 
(Fig. 1 D, E). Expression of HSPB6, which did not affect PARK2 insolubilization  
(Fig. 1 C), also did not effect puncta formation of PARK2 C289G (Fig. 1 E). 
Categorizing PARK2 C289G-aggregates in abundance and size (Fig. S1 B) reveals 
that all effective HSPB members especially reduced the number of cells with large(r) 
aggregates (Fig. 1 E). Confocal analysis furthermore revealed that HSPB2, HSPB4 
and HSPB7 co-localize with PARK2 aggregates, whereas HSPB1 does not (Fig. 2 A, 
arrow). Interestingly, HSPB2 and HSPB4 were found inside the aggregates, whereas 
HSPB7 appears to be more at the rim of the aggregates, similar as was found before 
for polyQ aggregates [14]. Therefore, although the four HSPBs all suppressed PARK2 
insolubilization, their mode of action may actually differ, especially that of HSPB1. 
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Figure 1. Suppression of PARK2 C289G aggregation by HSPBs. 
(A) HEK-293 cells were transfected for 24hr with Flag-tagged PARK2 WT or PARK2 C289G. 
Subcellular distribution of PARK2 (green) was investigated by immunofluorescence. Diagram 
shows percentage of PARK2-aggregates. (B) Cells, transfected as in (A), were fractionated 
in TX-100 soluble and insoluble proteins and analyzed by western blot. (C) HEK-293 cells 
were transfected for 24hr with Flag-tagged PARK2 C289G alone or together with each 
of the different HSPB proteins. Cells were fractionated in TX-100 soluble and insoluble 
proteins and analyzed by western blot. HSPB expression levels are shown in Fig. E1A (D) 
Immunofluorescent staining of Flag-tagged PARK2 (green), HSPBs (red) and dapi (blue) in 
HEK293 cells, transfected as in (C). (E) Diagram shows percentage of flag-tagged PARK2 
expressing cells with aggregates (*=p < 0.05; **=p < 0.001; n > 3 independent samples, mean  
± SEM). Cells were divided in different categories as shown in Fig. E1 B. HSPB6 was added as 
a negative control.  HMW: High molecular weight.
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The Hsp70/HSPA chaperone machinery is not required for the HSPBs anti-aggregation activity.

In vitro studies have shown that many HSPBs can prevent irreversible aggregation 
of clients directly and without need of additional activities. However, the HSPBs 
generally are thought to require cooperation with ATP-dependent chaperones, like 
the Hsp70/HSPA machines, for client release and subsequent processing [23–26]. To 
investigate whether the effects of HSPB1, HSPB2, HSPB4 and HSPB7 on PARKIN 
C289G aggregation depend on a collaboration with Hsp70/HSPA members, we 
first down-regulated the expression of HSPA1A to below 20% by siRNA (Fig. 3 A), 
followed by treatment with the Hsp70/HSPA inhibitor VER-155008 (Fig. 3 A). 
HSPA1A depleted cells showed increased PARK2 C289G aggregation (Fig. 3 A), 
confirming a protective role of endogenous HSPA1A in PARK2 C298G aggregation. 
However, despite the HSPA1A depletion, the four HSPBs were still able to suppress 
PARK2 mutant aggregation, even though HSPA1A depletion had led to an higher 
burden of aggregation-prone PARK2 C2989G. Next, we inhibited Hsp70 folding 
capacity using VER-155008, a potent inhibitor of the ATP turnover of Hsp70/HSPA 
family [27]. Treatment of cells with VER-155008 as such further enhanced PARKIN 
C289G aggregation (Fig. 3 B), confirming the siRNA data. Furthermore, this shows 
that endogenously expressed HSP70 family members already provide aggregation 
protection and that the drug was effective at the conditions used here. Yet, like with 
the knockdown of HSPA1A, the VER-155008 treatment did not abolish the protective 
effects of HSPB1, HSPB2, and HSPB4 on PARK2 C289G aggregation, even though 
VER-155008 has led to an increased burden of aggregation-prone PARK2 C2989G 
(Fig. 3 B). Together, these results suggest that these HSPBs are able to suppress 
PARK2 C298G aggregation in an Hsp70/HSPA-independent manner.
 

HSPBs use the proteasome system or the autophagy pathway to degrade mutated PARK2. 

HSPB proteins have been repeatedly associated with enhanced protein 
degradation through either the ubiquitin–proteasome system [28–30], or through 
autophagy [14,20]. To test whether HSPB1, HSPB2, HSPB4 and HSPB7 depend on  
a functional autophagosomal machine to exert their protective effects on PARK2 
C289G aggregation, we inhibited autophagy with 3-methyladenine (3-MA) and 
Wortmannin. The inhibition of autophagy enhanced PARK2 C289G aggregation 
(Fig. S2), suggesting that constitutive autophagy is involved in the normal clearance 
of misfolded PARK2, as has been suggested before [31]. Under such conditions 
HSPB1, HSPB2 and HSPB4 were still able to prevent PARK2 aggregate formation. 
However, the protective action of HSPB7 was strongly reduced (Fig. 4 A). To further 
test whether HSPB7 indeed inhibits PARK2 C289G aggregation using autophagy, we 
tested the capacity of HSPB7 to suppress PARK2 C289G aggregation in autophagy 
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Figure 2. Co-localization of the HSPBs with PARK2 C289G aggregates. 
(A) Immunofluorescent staining of Flag-tagged PARK2 (green), HSPBs (red) and dapi (blue) 
in HEK293 cells, as transfected in Fig. 1D.

deficient (ATG5 -/-) murine embryonic fibroblasts (MEFs). In these cells, HSPB1, 
HSPB2 and HSPB4 still led to a reduction of PARK2 C289G aggregates (Fig. 4 B), 
consistent with their action being autophagy un-related. However, HSPB7 activity on 
PARK2 C289G aggregates was abrogated in ATG5 -/- cells (Fig. 4 B). These results are 
in line with our previous findings on polyQ proteins, in which HSPB7 was found to 
prevent polyQ aggregation in an autophagy dependent manner [14]. 

To test whether HSPB1, HSPB2 and HSPB4 might suppress PARK2 C289G 
aggregation via the ubiquitin–proteasome system, we analysed their anti-aggregation 
effects upon proteasomal inhibition. Treatment with Bortezomib successfully 
inhibited the proteasome as evidenced by the accumulation of ubiquitinated proteins 
(Fig. 4 A). Surprisingly, treatment with Bortezomib alone (Fig. S2) or in combination 
with the four HSPBs (Fig. 4 A) reduced the level of soluble PARK2. It has been 
recently shown that Bortezomib treatment leads to activation of autophagy [32,33], 
hence we conclude from these data that mutant PARK2 C289G may be primarily 
degraded through autophagy under such conditions. Yet, Bortezomib treatment 
significantly (albeit not completely) reduced the protective effects of HSPB1 and 
HSPB4 on PARK2 C289G aggregation, whilst having only a modest effect on HSPB7 
mediated protection and no effect on HSPB2-mediated protection (Fig. 4 A). These 
data suggest that HSPB1 and HSPB4 anti-aggregation activities, at least partially, 
require an active proteasome. In conclusion, the different protective HSPBs prevent 
PARK2 aggregation via mechanistically distinct pathways. 
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Figure 3. HSPB1, HSPB2, HSPB4 and HSPB7 suppress PARK2 C289G aggregation 
in a HSPA1A-independent manner. 
(A) HEK-293 cells were transfected with nonsense or HSPA1A RNAi. 48hr post-transfection 
cells were transfected with Flag-tagged PARK2 C289G and mRFP-, HSPB1-, HSPB2-, HSPB4- 
or HSPB7-encoding vectors and fractionated 24 hours later in TX-100 soluble and insoluble 
proteins. HMW: High molecular weight. (B) HEK-293 cells were transfected for 24hr with 
Flag-tagged PARK2 C289G and mRFP-, HSPB1-, HSPB2-, HSPB4- or HSPB7-encoding vector. 
Cells were treated with VER-155008 (40 mM, 24hr) and fractionated in TX-100 soluble and 
insoluble proteins. 

Discussion 

In this manuscript we show that HSPB1, HSPB2, HSPB4 and HSPB7 can protect cells 
from C289G PARK2-aggregation in an Hsp70/HSPA-independent manner and via 
different degradation pathways. 

The ability of the several HSPB family members to protect against protein 
aggregation seems to differ substantially. Up to now, HSPB1, HSPB5 and HSPB8 are 
the most widely studied members. They have been found to reduce protein aggregates 
caused by proteins containing an expanded polyQ tract (HSPB8: [20]), tau (HSPB1: 
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Figure 4. Role of ubiquitin proteasome system or the autophagy pathway in HSPB 
effects on PARK2 C289G aggregates. 
(A) HEK293 cells, transfected as in Fig. 3 A, were treated with Bortezomib (100 nM) or with 
3-MA (20mM) and Wortmannin (200 nM) overnight. Cells were fractionated in TX-100 and 
analyzed for PARK2 C298G aggregates (*=p < 0.05; **=p < 0.001; n > 3 independent samples, 
mean ± SEM).. (B) ATG5 -/- MEF cells were transfected for 24hr with Flag-tagged PARK2 
C289G and mRFP-, HSPB1-, HSPB2-, HSPB4- or HSPB7-encoding vector and analyzed for 
PARK2 C298G aggregates (*=p < 0.05; **=p < 0.001; n > 3 independent samples, mean ± SEM). 
HMW: High molecular weight.

[34–36]), amyloid-beta (HSPB1, HSPB5 and HSPB8: [37,38]), TDP43 (HSPB8: [15]) 
and SOD1 (HSPB1, HSPB5 and HSPB8: [18,39]). However, only little is known 
about the protective effects of the other HSPBs. In the last years, a few comparative 
studies have been done in which the ten HSPB members were directly compared 
for their activity towards various substrates within the same cell models systems.  
Comparing the ten HSPB members for canonical refolding activity, using the firefly 
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luciferase as a model substrate, revealed that only HSPB1, HSPB4 and HSPB5 up-
regulation lead to improved refolding after heat shock [14,40]. In the same HEK293 
cells, up-regulation of especially HSPB7, but also HSPB6, HSPB8 and HSPB9 was 
found to be effective in preventing polyQ-proteins aggregation (mutant huntingtin 
and ataxin-3) [14,20], whereas HSPB8 was the only HSPB able to prevent aggregation 
of mutant TDP43 (associated with ALS) [15]. In cardiomyocytes, upregulation 
of especially HSPB1, but also HSPB6, HSPB7, HSPB8 was effective in protecting 
cytoskeletal elements from tachypacing [41]. Here, we show again, using HEK293 
cells, that HSPB1, HSPB2 and HSPB4 as well as HSPB7 supress aggregation of PARK2 
C298G mutant (Fig. 1). These data clearly indicate that the different human HSPB 
members display substrate specificity, albeit with some overlap [11]. 

In addition to substrate specificity, the mechanisms of action of the different 
HSPB members seem to differ drastically. Cell-free studies have shown that some 
HSPB members prevent substrate aggregation, hereby keeping them competent for 
HSP70-dependent refolding [24–26]. In cells, handling of heat-denatured luciferase 
by some HSP members also was found to be dependent on a functional Hsp70 
machinery [14,40]. Besides supporting (re)folding, HSPBs substrate holding in cells 
might also assist in proper client disposal. In our current report, such seems to be the 
case for HSPB1 and HSPB4 that require a functional proteasomal degradation pathway 
to prevent PARK C298G aggregation (Fig. 4). Interestingly, however, this effect was 
independent of the Hsp70/HSPA chaperone machinery (Fig. 3). It is tempting to 
speculate that the proteasome capping proteins might be able to release clients from 
HSPB1 directly, without the need of the Hsp70/HSPA machine. In support of such  
a hypothesis, HSPB1 was found to co-localize with both ubiquitinated proteins 
and proteasomal inclusion bodies [28] and HSPB1 was found to directly interact 
with the proteasome [30,42]. Such a mode of action would also explain why HSPB1 
is not located with the aggregates (Fig. 2) as such an action would be prior to 
aggregation. Yet, direct evidence for such a scenario remains to be established. On 
the other hand, the mode of action of HSPB7 seems to be related to autophagic 
degradation as we found that it associates with misfolded proteins in a later 
stage, i.e. when they already have started to form oligomers. At this stage, HSPB7 
seems to form a ring around the aggregates [14] (Fig. 2) by which it may prevent 
aggregate propagation such that the aggregates can be handled by the autophagy 
machinery. Furthermore, HSPB2 may play an even more intricate role, as neither 
HSP70s, autophagy or proteasome inhibition impaired its anti-aggregation activity 
(Fig. 3-4). Recent findings based on in vitro model showed that HSPB2 has protein-
dependent chaperone activity and a significant ability to inhibit amyloid fibril 
formation of α-synuclein [43]. HSPB2 could represent an atypical chaperone by  
a unique, yet to be established mechanism. 
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In conclusion, the different HSPB members have both overlapping and 
divergent substrate specificities. The HSPBs support substrate refolding after acute 
stress, but also have degradation supportive activities in a disease mutant-specific 
manner. Thus, boosting HSPB expression or activity should be further explored as 
potential target for delaying folding diseases.

Materials & Methods

Plasmids and reagents. The human HSPB plasmid library used here was described 
before [14]. Flag-PARK2 WT and Flag-PARK2 C289G constructs were kindly provided 
by Prof. Michael E. Cheetham. Bortezomib (100 nM) was from Selleck Chemicals. 
3-Methyladenine (3-MA, 10 mM), Wortmannin (200 nM) and VER155008 (40 μM) 
were from Sigma. 

Cell culture and transfection. Mouse embryonic fibroblasts (MEF), human embryonic 
kidney 293 (HEK293) cells expressing the tetracycline repressor (Flp-In T-Rex HEK293, 
Invitrogen Carlsbad, CA, USA) were grown in Dulbecco’s modified Eagle’s medium 
(Gibco) supplemented with 10% fetal calf serum (Gibco), Penicillin 100U/ml, and 
Streptomycin 100mg/ml (Gibco). Cells were grown at 37°C in 5% CO2. HEK293 and 
MEF cells were transfected using Lipofectamine and Lipofectamine 2000, respectively 
(Invitrogen), according to the manufacturer’s instructions using 1 mg of plasmid DNA 
per 35 mm dish. Gene expression was induced with 1μg/ml tetracycline. Cells were 
transfected for 24 hours with Flag-PARK2 C289G alone or together with the HSPBs 
(ratio 1:3). pcDNA3 or pcDNA5-FRTTO-mRFP were used as control conditions. 
Transfection of siRNA for HSPA1A (Dharmacon’s SMARTpool siRNA) and a control 
sequence (Dharmacon’s siCONTROL non-targeting siRNA) were performed using 
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.

Immunofluorescence. HEK293 cells were plated on poly-D-Lysine (Sigma) coated cover 
slips. 24 hours after transfection, cells were washed twice with PBS (Gibco) and fixed 
with 2% formaldehyde (Sigma-Aldrich) for 10 minutes at room temperature. Cells 
were permeated using 0.1% Triton-X100 in PBS for 7 minutes at room temperature and 
later incubated in PBS+ (0,5% BSA and 0,15% Glycine in PBS). Cells were incubated 
with primary antibodies overnight at 4°C. Cells were washed four times with PBS+ 
and incubated with Alexa Fluor 488 Donkey Anti-Rabbit IgG (Invitrogen), Alexa 
Fluor 594 Donkey Anti-mouse IgG (Invitrogen) for 1.5 hours at room temperature, 
washed two times and mounted in glycerol (Agar Scientific). Confocal images were 
obtained using a confocal laser scanning microscope (Leica TCS SP8) with a 63X/1.32 
oil objective. The % of aggregates in Flag-PARK2-positive cells was calculated.
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Protein extraction and western blot. PARK2 C289G-aggregation was measured according 
to Rose et al. [21]. In short, transfected cells were washed with PBS and lysed in 1% 
Triton X-100 buffer, containing protease inhibitors (Roche), incubated in the lysis 
buffer for 15 minutes on ice and then separated by centrifugation at 14.000 RPM for 
15 minutes at 4°C, to obtain Triton X-100 soluble (supernatant) and insoluble (pellet) 
fractions. Pellet fractions were re-suspended by sonication in Laemmli sample buffer 
(62.5 mM Tris-HCl buffer pH 6.8, 2% SDS, 10% glycerol, 10% b-mercaptoethanol and 
0.001% bromophenol blue). Proteins were resolved by SDS-PAGE, transferred to  
a nitrocellulose membrane and then processed for western blotting. Membranes were 
subsequently incubated with HRP-conjugated secondary antibodies (GE Healthcare) 
at 1:7000 dilution. Visualization was performed with enhanced chemiluminescence 
and Hyperfilm (ECL, GE Healthcare). Mouse monoclonal anti-FLAG (M2) was from 
Sigma, while mouse monoclonal anti-HSPA1A/Hsp70, anti-ubiquitin (FK2) and anti-
HSPB1 were from Enzo LifeScience. Mouse monoclonal anti-PARK2 was from Cell 
Signalling Technology. Mouse monoclonal anti-GAPDH, anti-HSPB2, anti-HSPB4 
and HSPB7 were from RDI Research Diagnostics, Transduction Laboratories, Abcam 
and Abnova, respectively. Rabbit polyclonal anti-FLAG and anti-H2A were from 
Abcam.

Statistical analysis. Results are expressed as mean ± SEM. Statistical significance was 
analysed using an independent t-test. P<0.05 was considered statistically significant, 
* P<0.05, ** P<0.001, *** P< 0.0001. All experiments were carried out at least three 
times, but only data of one representative experiment are shown.
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SUPPLEMENTARY DATA

Figure S1. HSPBs expression levels and subdivision of PARK2 C289G-aggregates. 
(A) HSPB expression levels in HEK293 cells, transfected for 24hr with Flag-tagged PARK2 
C289G alone or together with each of the different HSPB proteins. (B) Immunofluorescent 
staining of Flag-tagged PARK2 C289G (green) and dapi (blue) in HEK293 cells. Cells were 
divided in different categories.
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Figure S2. Role of ubiquitin proteasome system or the autophagy pathway in 
PARK2 C289G aggregates. 
HEK293 cells were transfected with Flag-tagged PARK2 C289G and treated with Bortezomib 
(100 nM) or with 3-MA (20mM) and Wortmannin (200 nM) overnight. Cells were fractionated 
in TX-100 and analyzed for PARK2 C298G aggregates
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Abstract

SCA3 is a neurodegenerative disorder caused by expansion of polyglutamine 
(polyQ)-encoding CAG repeats in the ATXN3 gene. Like in all polyQ diseases, the 
CAG repeat length is inversely associated with the age at onset (AO) of the disease. 
Likewise, CAG-repeat length is proportionally related to the aggregation propensity 
of the ataxin3 protein, strongly suggesting that aggregation formation is a main 
disease-inducing factor. However, in patients with the same CAG repeat length, AO 
can vary up to more than 40 years, suggesting that other genetic or environmental 
factors must be involved. Studying such factors requires patient representative 
models. The recently discovery of the ability to reprogram fibroblast to pluripotent 
stem cells (iPSC) and the subsequent strategies to develop neuronal-like cells from 
them allows the studying the aggregation behaviour of the polyQ expanded ataxin3 
protein within the patient’s own genomic context. As a proof-of-concept, we here 
generated iPSC-derived neuronal lines from 3 SCA3 patients with similar CAG 
repeat length but with different AO and analysed ataxin3 aggregation behaviour 
and measure HSP levels. We show that iPSC and neuronal generation is possible and 
that HSP expression levels seem to differ between the different SCA3 iPSC-derived 
neurons.
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Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease 
(MJD), is the most common spinocerebellar ataxia and the second most common 
polyglutamine (polyQ) disease after Huntington’s disease (HD) [1,2]. SCA3 is an 
autosomal dominant neurodegenerative disorder characterized by neuronal loss 
in the cerebellum, thalamus, midbrain, pons, medulla oblongata and spinal cord of 
patients [3,4]. SCA3 is clinically heterogeneous, but the main feature is the progressive 
ataxia, which affects balance, gait and speech. Current therapeutic strategies are only 
able to provide symptomatic relief [5]. SCA3 is caused by an expanded stretch of 
CAG triplets in the coding region of the ATXN3 gene. Healthy individuals have up 
to 44 CAG repeats, whilst affected individuals have between 52 and 86 glutamine 
repeats [6]. There is a clear correlation between CAG repeat size and age of onset [7]. 
Likewise, aggregation propensity is strongly related to the CAG repeat length for all 
polyQ diseases irrespective of the gene affected, strongly suggesting that a toxic gain 
of function aggregation due to the polyQ expansion is the driving force initiating 
disease. However, more and more data suggest that the full-length protein is not 
aggregating until a triggering event activates proteases (caspases, calpains) that lead 
to cleavage of the full-length protein into smaller, aggregation prone fragments [8–11].

Importantly, whilst CAG repeat length accounts for 50-65% of the variance in AO, 
disease onset, especially for shorter repeat lengths, can vary up to 30 years for SCA3 
patients with the same CAG repeat [7]. Similar observations are found in other polyQ 
disease, which suggests that AO in the polyQ diseases might be modified by common 
environmental (disease triggering) as well as genetics (fragility) factors. Over the last decade 
several potential modifiers for SCA3 pathology were identified using cell- and animal 
models [3,12–14]. Many of these modifiers are components of the cellular protein quality 
control (PQC) system such as heat shock protein (HSP) expression, proteasomal activity or 
autophagosomal activity  [12–15]. These findings led to the hypothesis that differences in 
HSP expression between SCA3 patients could be a genetic co-factor that modulates the AO 
independently of the CAG repeat length [16,17]. However, to more directly test whether or 
not PQC components are bona fide modifiers of AO, current model systems are not well 
suited and we urgently need patient-representative neuronal models. 

Reprogramming of differentiated somatic cells into a pluripotent state (induced 
pluripotent stem cells, or iPSCs) has opened a treasure trove of opportunities for 
research on human diseases. It is now possible to generate iPSCs from SCA3 patients 
and use these cells as starting material for differentiation into disease-affected cell 
types [10]. Following this assumption, we generated iPSC-lines from two patients 
with similar CAG expansions but clearly different clinical AO and derived neurons 
from these iPSCs and tested whether protein aggregation and HSP expression can be 
related to CAG-independent variations in the AO of SCA3 pathology.
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Results

Generation of iPSCs from SCA3 patients. 

To understand why CAG repeats expansion in the ATXN3 gene causes the selective 
degeneration of human neurons, we generated iPSCs using dermal fibroblasts 
from two SCA3 patients (SCA3-1and SCA3-2) and one control subject (Ctrl) who 
is unrelated and unaffected. Dermal fibroblasts cultured from skin punch biopsies 
were reprogrammed to iPSCs using episomal vectors expressing human Oct3/4, Sox2, 
Klf4, c-Myc, Nanog and Lin 28 [18]. We decided to use a non-viral integration-free 
reprogramming methods for generating iPSCs to avoid potential genomic integration 
of vectors or transgenes that may lead to aberrations in unrelated developmental 
processes [19].   Multiple clones with human embryonic stem cell (hESC) morphology 
were picked for all subjects. After expansion and initial characterization, one 
representative clone for each subject was used for further studies. As shown in 
Figure 1 B, all lines of iPSCs exhibited morphology indistinguishable from human 
embryonic stem cells (hESCs) and can be maintained indefinitely on matrigel. 
Pluripotency markers such as Oct4, Nanog, SOX-2, SSEA4, Tra-1- 60 and Tra-2-54 
were strongly expressed in all lines (Fig. 1 B).

Notably, it has been recently shown that the process of reprogramming somatic 
cells to iPSCs could induce genome alterations such as copy number variation 
(CNV) [20,21]. Because of the fact that genome stability can have severe effects 
on pluripotency and differentiation of resulting iPSCs [22], we performed whole-
genome SNP sequencing to investigate the possible CNV instability during somatic 
reprogramming in iPSCs. CNVs were detected in two of the iPSC lines, of which 
five CNVs were in control (Fig. 1 C-E) and two in SCA3-1 iPSC lines, respectively 
(Fig. 1 C).  However, the low level of CNVs detected in our iPSC-derived neurons 
did not appear to affect the differentiation or function of these neurons (Fig. 2).  
Yet, in an iPSC clone derived from another SCA3 patient, we did find multiple 
genomic rearrangements meaning that we could not include it in our further analyses. 
Another iPSC clone of that same patient, however, was recently found to be normal, 
demonstrating that the reprogramming per se was not the cause for the genomic 
instability in this line.
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Figure 1. Generation of induced pluripotent stem cells (iPSCs) from a control 
subject and two SCA3 patients. (A) 
Clinical data of the two SCA3 patients included in the study. (B) Phase contrast images of 
control, SCA3-1 and SCA3-2 iPSC lines and staining of the lines with pluripotency markers 
SSEA4 (SSEA3 in SCA3-2 cells), Oct4, SOX-2, Tra-2-54, Tra-1-60 and Nanog (Tra-1-80 in SCA3-
2 cells). (C) Overview of copy-number variation (CNV) analysis from DNA of control, SCA3-
1 and SCA3-2 iPSC lines. (D-E) Chromosome view of genome wide genotyping data for 
control iPSC line. (D) Chromosomes 7 and 15 show duplications as indicated by aberrant SNP 
profiles (B allele frequency) and the increased log R ratios (lower panel) highlighted within 
the red box. (E) Chromosomes 5 and 11 exhibit deletions as indicated by the homozygous 
SNP profiles (B allele frequency) and reduced log R ratio highlighted within the red box.
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Differentiation of iPSCs to neurons. 

Various protocols have been developed for the differentiation of human embryonic 
stem cells into a neuronal lineage by recapitulating the developmental steps from 
neural tube into the neuronal repertoire. We also started the neuronal differentiation 
of hIPSCs by inducing their differentiation into columnar epithelial cells (neural 
rosettes), representing neural tube cells and by priming them with the caudalizing 
factor retinoic acid (RA) (Fig. 2A-C). Neural rosettes were handpicked and cultured 
in the presence of bFGF and EGF as spheres and maintained as neural stem cells 
(NSC) (Fig. 2 A). Next, NSCs were dissociated and cultured in the presence of sonic 
hedgehog (SHH), the neurotrophic factors BDNF and GDNF, and N1 and B27 
supplements essential for neuronal differentiation and their subsequent maturation 
(Fig. 2 A-C). Directed differentiation of neural stem cells into neurons inevitably 
gives rise to a mixed population of glial restricted progenitors and different neuronal 
subtypes. As we intended to focus our study on the aggregation sensitivity of SCA3 
patient-derived neurons upon glutamate stimulation, we purified the neuronal 
culture by multistep FAC-sorting as previously described [23] using the cell-surface 
marker CD184+ and CD44- as signature for neural stem cells, CD184+/CD44+/CD24- 
for glia cells, and CD184-/CD44-/CD24+ for neurons. After sorting, neurons (CD184-/
CD44-/CD24+) were plated and grown for 15-20days for further axon regeneration 
and maturation and then used for further analyses.

Western blot analysis confirmed the expression from both alleles of normal 
ATXN3 (≈ 41kDa) in purified suspensions of control iPSC-derived neurons and 
normal and expanded ATXN3 (≈60kDa) in SCA3 iPSC-derived neurons (Fig. 2 D). 

It has been suggested for HD iPSC-derived NSC lines that the CAG repeat 
length may increase by up to 10% increase after repetitive passages [24]. For this 
reason, we analysed CAG repeat length over the time during reprogramming and 
differentiation steps. For all the iPSC lines no changes in polyQ repeat length were 
detected, the normal and expanded CAG repeat alleles did not exhibit instability 
with passages or upon differentiation in NSCs (Fig. 2 E). Thus the CAG repeat length 
seems stable during reprogramming, long term passage, and differentiation. 

Ataxin-3 aggregation

Expansion of ATXN-3 polyglutamine (polyQ) tract is believed to lead to a toxic gain 
of function, caused by calpain-dependent proteolysis of the mutant ataxin-3 and 
the consequent generation of expanded polyQ fragments, which are prone to form 
insoluble aggregates [9,10]. 

To monitor aggregation in iPSC-derived neurons, we stimulated the neuronal 
cultures with the excitatory neurotransmitter L-glutamate (0.1 mM) or left them 
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Figure 2. Directed differentiation of the iPSCs into neurons in vitro. 
(A) Time line and face contrast microscopy images of iPSC-differentiation into neural 
rosettes, neurospheres and neurons. (B,C) iPSC-derived neurons co-stained for β-III tubulin 
and nuclei, in figure B, and for ataxin-3, nuclei and MAP2 in figure C. (D) Western blots of 
ataxin-3 expression in iPSC-derived neurons show normal (bottom arrow) and mutant (top 
arrow) ataxin-3. (E) CAG repeat analysis in control and SCA3 fibroblasts, iPSCs and NSCs.

Figure 3. Ataxin-3 aggregations. 
Representative western blots of fractionated ATXN-3 in control, SCA3-1 and SCA3-2 iPSC-
derived neurons treated with glutamate or untreated. SDS-insoluble aggregates are seen in 
SCA3-1 and SCA3-2 stacking gels.
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unstimulated. Immunoblotting of extracts from SCA3 iPSC-derived neurons revealed 
in the stacking SDS-insoluble ATXN3-containing aggregates, a hallmark of SCA3 
pathology. No SDS-insoluble ATXN3-containing aggregates were detected in control 
neurons (Fig. 3). Unlike what was published before [10], aggregates were also present 
in SCA3 neurons not stimulated with L-glutamate (0.1 mM) and glutamate treatment 
did not lead to further increase in the amount of SDS-insoluble ATXN3 aggregates 
(Fig. 3). Within the limits of these initial data, there was no difference detectable 
in the amount of aggregation between the lines, meaning that aggregate formation 
was not related to the differential AO of the respective patients from which the iPSC 
derived neurons were generated. Obviously, however, more extensive analyses will 
be required with more lines to substantiate this.

Expression levels of HSPs in iPSC-derived SCA3 neurons

The family of heat shock proteins (HSPs) was initially characterized as a highly 
conserved battery of genes whose expression can be induced by proteotoxic stress 
and that could be related to handling protein aggregates. 

The human HSP family is remarkably large, with over 13 HSPA, 41 DNAJ and  
11 HSPB members in the genome [13]. Various members within the class of HSP  
families have been shown to associate with poly-Q inclusions in vivo, and their 
overexpression can affect aggregation rates, toxicity and disease progression 
[16,17,25–27]. Therefore, we hypothesized that differences in HSPs expression might 
be a modifying factor of pathogenesis in patients with SCA3 and expression could 
be related to AO. We measured expression levels of different HSP family members 
in control and SCA3-1 neurons. Yet a limited set of HSPs were analysed due to 
limited availability of cell material and specific antibodies. No significant changes 
in HSPA1A/Hsp70, HSPC/Hsp90 and DNAJ/Hsp40 levels were detected (Fig. 3 A) 
indicating that expression of the mutant SCA3 protein per se did not induce a stress 
response, consistent with earlier data in patient fibroblasts (Zijlstra et al) and in human 
SCA3 brains (Seidel et al). In fact, the levels of two members of the HSPB family, HSPB1 
and HSPB8, were actually found to be lower in SCA3-1 patient neurons compared to the 
control cells (Fig 3 A). We next compared HSPs expression levels and insolubilization 
between the two SCA3 patients. SCA3-2 neurons showed lower HSPA1A protein levels 
compared to the SCA3-1 line and Hsp70 became associated with the SDS-insoluble 
fraction only in the SCA3-1 line (Fig. 4 B). In addition, while HSPB1 was significantly 
upregulated in the SCA3-1 line, it was not detectable/absent in the SCA3-2 line.    
It is interesting to note that the SCA3-2 cells showing low/undetectable HSPB1 
and HSPA1A levels were from the patient that showed an earlier AO of the disease  
(Fig. 1 A), which may suggest a correlation between the levels of these chaperone and 
AO (although our limited analysis does not yet allow firm conclusions). 
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Discussion

Recently, human induced pluripotent stem cells (iPSCs) have emerged as a useful 
tool for research on the pathogenesis of many neurodegenerative diseases [22,28]. 
An increasing number of studies have employed iPSCs derived from patients with 
neurological diseases, with many focusing on their potential use to understand 
the cellular mechanisms behind the pathogenesis of these disorders [10,24,29–31]. 
Previous data regarding the molecular pathogenesis of neurodegenerative diseases 
like SCA3 have come from investigations utilizing cells and animal models and post-
mortem brain tissues, that all have their limitations, e.g., especially when trying to 
understand why different patient with comparable CAG repeat sizes in their affected 
ATXN3 genes show such large difference in age at onset (AO). 

In line with what has been previously reported [10,24], we confirm that it is 
possible to generate disease-specific iPSCs from SCA3 patients and differentiate 
them into neurons (Fig. 1, 2) that show aggregation related to the expression of the 
expanded allele (Fig. 3, 4). However, unlike what was found by Koch and co-workers [10],

Figure 4. HSP expression levels in control and 
SCA3-derived neurons. 
(A) Representative western blots of ATXN-3, β-III 
tubulin, GFAP, GAPDH and selective members of HSP 
family in control and SCA3-1 treated with glutamate 
or untreated.  (B) Representative western blots of 
ATXN-3, β-III tubulin, HSPA1A and HSPB1 SCA3-1 
and SCA3-2 treated with glutamate or untreated.
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 we find that glutamate-induced excitation is not critical under our culture conditions 
to induce aggregation of ATXN-3 (Fig. 3). The reasons for this can be manifold. First, 
the protocols used for generating neurons are longer than previously reported. 
Duration of differentiation towards neuron was prolonged to increase the amount of 
glutamate receptors and other neuronal characteristics in order to elucidate maximum 
response (ataxin aggregation and HSP response) upon glutamate treatment. NSC 
were derived independently for each experiment from each SCA and control iPSc 
line to avoid long-term culturing effect, such as chromosomal aberrations and biased 
neuronal differentiation towards specific subtype. This could imply that more mature 
and similar population of neurons derived from the neural progenitors are used here, 
excitotoxic triggers may not be required to induce ATXN3 aggregation. Moireover, 
it is important to note that we sorted our neuronal population after 80-90 days in 
culture and so eliminated any possible buffering capacity of astrocytes. Also, we 
omitted growth factors during the last 10 days before the aggregation assay, which 
may have stressed neurons in a similar manner as glutamate stimulation inducing 
ATXN3-cleavage and its consequent aggregation. So, the requirement for an external 
trigger to induce aggregation still needs further investigation.

In how far the iPSC-derived neurons are a suitable model to study the genetic 
co-factors that modulates the AO in SCA3 patients requires further investigation. 
Our preliminary data on components of the PQC system do not allow any conclusion 
in this respect yet. However, in line with data in fibroblast from the same patients 
(Zijlstra et al) and in line with cell model data (Ref) and data from post mortem 
human brains (Seidel), we find no evidence of an up-regulated stress-response in 
neurons expressing the expanded polyQ protein  (Fig. 4). In fact, in one line, HSPB1 
actually seems to be expressed at a lower level.  Furthermore, the neurons from the 
SCA3 patient with the early onset (SCA3-2) express lower levels of HSPA1A and 
HSPB1 than the neurons from the SCA3 patient with the average age at onset (SCA3-
1), which could be taken as an indication that these HSP levels may play a modulating 
role in (CAG-size independent) SCA3 pathogenesis. However, more lines and more 
extensive analyses are needed to substantiate these suggestions. 

In all, however, our feasibility study is encouraging and suggests that patient-
derived iPSC lines may become a valuable tool in SCA3 research.

Materials and methods

Human subjects. The experiments were undertaken with the understanding and 
written consent of each subject, and were been carried out in accordance with 
The Code of Ethics of the World Medical Association (Declaration of Helsinki) for 
experiments involving humans. Fibroblast samples were obtained from one healthy 
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individuals and two clinically affected and genetically confirmed Dutch patients 
with SCA3 (Fig. 1A). Subjects were randomly approached for participation in this 
research. A single experienced neurologist determined the AO in all patients as the 
age at which the first clinical manifestations of unsteadiness of gait and stance were 
unmistakably present. The patient group contained heterozygotes only. 

Generation of iPSCs with episomal vectors. Human dermal fibroblasts (HDFs) were 
cultured in Dulbecco’s modified Eagle media (DMEM, Gibco) containing 10% fetal 
bovine serum (FBS), 1 mM non-essential amino acids (NEAAs), 1× GlutaMAX, 
and 100 unit/ml penicillin with 100 μg/ml streptomycin. The episomal iPSC 
reprogramming plasmids, pCXLE-hOCT3/4, pCXLE-hSK and pCXLE-hMLN were 
purchased from Addgene. The plasmids used in our experiments were mixed in a 
ratio of 1:1:1 for efficient reprogramming. Three micrograms of expression plasmid 
mixtures were electroporated into 5× 105 HDFs with Amaxa® Nucleofector Kit 
according to the manufacturer’s instructions. After nucleofection, cells were plated 
in DMEM containing 10%FCS and 1% penicillin/streptomycin until it reaches 70-80% 
confluence. The culture medium was replaced the next day by human embryonic 
stem cell medium (HESM) containing knock-out (KO) DMEM, 20% KO serum 
replacement (SR), 1 mM NEAAs, 1× GlutaMAX, 0.1 mM β-mercaptoethanol, 1% 
penicillin/streptomycin, and 10ng/ml bFGF (Invitrogen). Between 26-32 days after 
plating colonies developed and colonies with a phenotype similar to human ESCs 
were selected for further cultivation and evaluation. Selected iPSC colonies were 
mechanically passaged on matrigel (BD, hES qualified matrigel) coated plates 
containing mTeSR™1 (defined, feeder-free maintenance medium for human ESCs 
and iPSCs).

Generation of iPSC-derived neural stem cells. iPSCs were dissociated manually and 
plated on a non-coated dish in human embryonic stem cell medium (HESM). After 4 
days, embryoid bodies (EBs) were formed and  transferred to neural differentiation 
medium containing DMEM/ F12, 1 mM NEAAs, 1× GlutaMAX, 1% penicillin/
streptomycin, and 1× N1 supplement (100X) for another 4 days.  EBs were plated on 
matrigel-coated plates for neural rosette formation for 8-10 days with 0.01mM retinoic 
acid. Neural rosettes were handpicked and cultured in neural stem cell medium 
containing DMEM/ F12, 1 mM NEAAs, 1× GlutaMAX, 1% penicillin/streptomycin, 
1× N1 supplement (100X), 20 ng/mL FGF2 (peprotech), 20 ng/mL EGF (peprotech), 
and  2μl/ml B27 supplement (Invitrogen). 

Neural differentiation of neural stem cells. Terminal neural differentiation was induced 
by dissociating the neural stem cells (NSCs) using accutase (Sigma) for 20 min at 
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37ºC and plating them on a matrigel-coated plated for attachment. The next day, 
the medium of these cell cultures were changed to neuronal differentiation medium 
containing DMEM/F12, 1 mM NEAAs, 1× GlutaMAX, 1% penicillin/streptomycin,  
1× N1 supplement (100X), 20 ng/mL BDNF (Peprotech), 20 ng/mL GDNF(Peprotech),  
50 ng/mL SHH(Peprotech), 1mM  dibutyryl-cAMP (Sigma) and  2μl/ml B27 
supplement (Invitrogen) for 80-90days. Differentiated neurons were purified by 
multistep FAC-sorting as previously described [23] using cell-surface marker 
signatures for the specific isolation of neural stem cells, glia and neurons, respectively 
CD44, CD184and CD24. 

Immunocytochemistry. IPSCs derived from SCA patients, control iPSCs and in vitro 
differentiated neurons were fixated with 4% paraformaldehyde for 20 min. Cells 
were blocked in 5% normal goat serum and 2% Fetal calf serum; subsequently, 
samples were probed with primary antibodies : SSEA-4 (1:500), TRA-1-60(1:500), 
TRA-2-54(1:500), OCT-4(1:500), Sox-2(1:500), NANOG(1:500), Ataxin-3(1:300), MAP-
2(1:500), βIII tublin(1:500). Alexa 488 and Cy3-conjugated secondary antibodies were 
used in combination with Hoechst nuclear staining. Confocal imaging was performed 
with Zeiss LSM confocal laser scanning microscope.

Excitatory stimulation of neurons. SCA3 neurons or control neurons cultured in 3.5-cm 
dishes were washed three times with 2 ml BSS (balanced salt solution) containing 
25 mM Tris, 120mM NaCl, 15mM glucose, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM 
MgCl2, pH7.4. After treatment with L-glutamate 0.1 mM (Sigma,no.G8415) in BSS 
for 30 min cells were washed again three times and left them to recover for 30min 
in differentiation media followed by a second 30min L-glutamate treatment in 
BSS, and subsequently cultured in differentiation media for 24 hr until analysed.  
For analysis of fragmentation and aggregation of ATXN3 by western blotting, extracts 
were analysed either immediately after lysis or after fractionation. 

Western blotting. Neuronal cells were washed in PBS and scraped them. Cells were 
immediately frozen in liquid N2 followed by lysis in RIPA buffer (50mM Tris, 
150mM NaCl, 0.2% Triton X-100) containing 25mM EDTA. For fractionation, lysates 
containing 1–2 mg/ml total protein dissolved in 50 mM Tris, 150mM NaCl, 0.2% 
Triton X-100, 25mM EDTA (RIPA buffer) were centrifuged at 22,000g for 30min at 
4 C. The pellet fractions were separated from supernatants (Triton X-100-soluble 
fraction) and homogenized by sonication in RIPA buffer containing 2% SDS (SDS 
fraction). β-mercaptoethanol (5%) was added in all the samples and subsequently 
incubated at 99 C for 5 min. Gels were loaded with 40mg of the Triton X-100 fraction 
and 40 μl of the SDS fraction. Proteins were resolved by SDS-PAGE, transferred to 
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nitrocellulose membrane and then processed for western blotting. Membranes were 
subsequently incubated with HRP-conjugated secondary antibodies (Amersham) 
at 1:7000 dilution. Visualization was performed with enhanced chemiluminescence 
and Hyperfilm (ECL, Amersham). Mouse monoclonal anti-ATXN3 (1H9) from Acris 
Antibodies, while mouse monoclonal anti-HSPA1A/Hsp70, mouse monoclonal 
anti-HSPB1, rabbit polyclonal anti-DNAJBs/HSP40 were from Enzo life science. 
Mouse monoclonal anti-GAPDH was from RDI Research Diagnostics, while rabbit 
polyclonal anti-GFAP, mouse monoclonal anti-HSPB8 (M04) and anti-HSPCs/HSP90 
were from DAKO, Abnova and Stressmarq, respectively.

Genome-wide SNP genotyping and Genomic CAG repeat length analysis. Genomic 
DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The Genomic 
CAG repeat length analysis of fibroblast, iPSC and NSC samples was performed 
as previously described [33]. Genome wide SNP genotyping was performed using 
320k cyto Illumina arrays as per the manufacturer’s protocol (Illumina). Data were 
collected using the Illumina Bead Station scanner and data software. Genotypes 
were produced using the genotyping module of Genome Studio and copy number 
variation (CNV) analysis was performed. In addition, the B-allele frequencies and 
log R ratios were visualized using the genome viewer tool within this package.
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Heat shock proteins (HSPs) were originally discovered as proteins of which the 
expression can be induced when cells are subjected to stressful conditions [1,2]. However, 
it became clear soon after these original discoveries that HSPs also play an indispensable 
role under normal physiological conditions. HSPs bind nascent chains and assist their 
folding during translation and are also involved in remodelling of protein complexes,  
e.g. leading to the disassembly of clathrin coats on vesicles [3,4], or in protein translocation 
through membranes (often DNAJ-determined specificity) [5,6]. In addition, Hsp90/HSPC 
specifically functions in the final structural maturation and conformational regulation of 
a number of signalling molecules and transcription factors [7,8].

How HSPs cooperate in these processes is now beginning to be understood.  
In an ATP-dependent mechanism of binding, release and transfer, de novo folding and 
protein refolding is promoted through kinetic partitioning (Chapter 1). Importantly, 
although the Hsp70/HSPA, Hsp90/HSPC and the chaperonins both operate by an 
ATP-triggered release mechanism, they differ fundamentally on how the release of 
the substrate protein for folding occurs. These HSP systems seem to act sequentially, 
whereby HSPA/ Hsp70 interacts upstream with nascent and newly synthesized 
polypeptides and, the HSP90s and chaperonins function downstream in the final 
folding of those proteins that fail to reach native state by cycling on Hsp70s alone 
(Chapter 1). 

7.1 Protein quality control under acute stress.

Upon (acute) forms of proteotoxic stress like heat shock, cold shock, osmolality 
changes, oxidative stress and pH fluctuations proteins become un- or misfolded. 
Proteins are dynamic polymers that can lose their native conformation, fluctuating 
into and out of aggregation-prone states [9]. Although certain subsets of proteins 
may be affected more than others [10,11], these acute forms of stresses generally are 
rather unspecific, leading to global protein un- and misfolding in all cellular (sub)
compartments. Heat shock is the best-understood stressor with respect to its physical-
chemical consequences on the proteome. Even though several mechanisms exist to 
regulate the abundance of cytosolic and nuclear chaperones, activation of heat shock 
transcription factor 1 (HSF1) is an essential aspect of the heat shock response (HSR) 
ensuring up-regulation of chaperones for the cytosol and nucleus [12]. In addition, 
compartment-specific stress response pathways are present in mitochondria [13] and 
the endoplasmic reticulum [14]. These acute stress responsive pathways ensure that 
when denaturated upon stress, the affected proteins can be refolded. If not successful, 
the unfolded proteins can also be targeted for disposal by either the proteasomal 
or autophagic system. As a result, the danger of proteins aggregating via exposed 
hydrophobic surfaces is eliminated.  
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In this thesis, most of our attention was on the cytosolic and nuclear protein 
homeostasis. The stress-induced increased expression of HSP is an autoregulatory 
system and is attenuated when stress is relieved [15]. In addition, data indicated 
that there is a hierarchy in the cellular systems that maintain protein homeostasis 
where cells first try to attempt to refold the clients, next use proteasomal degradation 
to dispose them and, when even this fails, turn to autophagy [16]. Especially the 
switch from proteasomal to autophagosomal degradation and how this may depend 
on chaperones was investigated in this thesis as it may be also of specific importance 
under conditions of chronic stress (see below).

7.2 Protein quality control and chronic stress. 

Besides in acute forms of stress, protein aggregates also hallmark neurodegenerative 
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic 
lateral sclerosis (ALS) and polyQ diseases [17,18]. The inclusions that accumulate in 
the above-mentioned diseases often consist of fibres containing misfolded proteins 
with a beta-sheet conformation, known as amyloid. There are various mechanisms by 
which the accumulation of misfolded protein chains may cause cellular dysfunction, 
and often a combination of these appears to be responsible for the disease. Misfolded 
polypeptides not only lose their normal function, they may also form toxic species, 
including oligomers or larger aggregates (e.g. polyQ inclusions in Huntington’s and 
other neurodegenerative diseases), they may be prevented from reaching their proper 
cellular localization due to retention and/or degradation (e.g. PARK2 in Parkinson’s 
disease), or they may exert a dominant negative effect on PQC system. 

A main question underlying the pathophysiology of these protein conformation 
diseases is why proteins aggregate under these more chronic conditions and what has 
caused the dysregulation of protein homeostasis in these neurodegerative diseases.  
It is important to note that the HSR is often not induced in symptomatic cells, despite 
the accumulation of aggregated proteins [19–21]. It can be hypothesized that the 
accumulation of misfolded proteins in cells or animal models of neurodegenerative 
diseases is either too gradual or does not reach the threshold for activation of the 
heat shock response. Yet, chaperones, components of degradation machinery and 
other proteins are often found trapped in aggregates, potentially leading to a loss of 
PQC function [19,20,22,23]. These observations have stimulated investigators to up-
regulate the HSR and targets thereof in an attempt to delay aggregation and disease 
onset in diverse cellular and animal models of neurodegenerative diseases. However, 
as summarized in chapter 2, the HSR-regulated HSPs were often not very effective to 
suppress aggregation of chronically misfolded proteins, especially not e.g. of those 
involved in polyQ diseases. Besides stress-inducible HSPs, also many other members 
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within (often large) HSPs families that are not HSR-regulated exist [24]. Interestingly, 
a large set of these HSF-1-independent HSPs assists the degradation of substrates 
through the proteasomal and autophagic degradation pathways. Some of these non-
canonical HSP, especially within the DNAJ-family [25] and HSPB family [26], seemed 
very effective in preventing aggregation of polyQ proteins. 

The protective role of HSPBs in neurodegenerative disorders. 

In this thesis, it was specifically addressed whether different members of the HSPB 
family could also prevent aggregation associated with expression of a mutant 
PARK2/Parkin protein, involved in Parkinsonism. As outlined in Chapter 2, the 
biophysical property and subcellular localization of aggregates in PD are clearly 
different from polyQ aggregates [27]. When we compared the 10 HSPB members 
for their chaperone activity using different aggregate-prone substrates, we clearly 
found different chaperone requirement for the prevention of PARK2-associated 
aggregation (HSPB1,HSPB7,HSPB2 and HSPB4) (Chapter 5) than for polyQ 
aggregation (HSPB7,HSPB6, HSPB9 and HSPB8) [26,28,29].  In addition, we found 
that only HSPB8 was able to suppress mutated TDP43 aggregation [30]. The scenario 
differs again when the same HSPB family members were tested for chaperoning 
heat denatured luciferase aggregates in the same cellular background. Here, HSPB1, 
HSPB4 and HSPB5 were the only effective members [26]. These data support the 
hypothesis that the different HSPB anti-aggregation properties depend on the type 
of substrate and likely on the physical properties of the aggregate.

HSPBs and their functional diversity.

The question remains what determines this substrate specific actions of the diverse 
HSPBs and how these different HSPBs work. A number of features of the various 
members are summarized below that do suggest functional differentiation amongst 
the members but that also enlighten how the same HSPB may have multiple functions 
depending on the target that it interacts with.

- oligomeric status

Classically HSPBs are assumed to exist as larger oligomeric complexes with HSPB 
dimers as building blocks [31,32]. Dynamics in the oligomerization status of canonical 
HSPs like HSP1 or HSPB5 has been suggested as being crucial for the affinity of 
these HSPBs for their partners, clients, and therefore their chaperone activity [33,34]. 
However, not all HSPBs exists in large oligomeric complexes upon overexpression; 
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in fact, HSPB6, HSPB7 and HSPB8 mainly form dimers [26,29,35,36]. Oligomeric 
dynamics of the canonical members largely depends on phosphorylation which 
leads to their dissociation into smaller dimers, exposing hydrophobic surfaces which 
can bind unfolded proteins upon acute proteotoxic stress. In chronic stress like in 
neurodegenerative disorders, in particular polyQ diseases, the HSR is not activated 
and also HSPB phosphorylation may not occur and explain why these canonical HSPs 
have nearly no impact on polyQ aggregation. The dimeric HSPBs like HSPB6, HSPB7 
and HSPB8 (and maybe also HSPB9) may not need such phosphorylation-induced 
activation in order to bind and suppress polyQ-expansion protein aggregation.  
Thus in such a scenario, it would not be substrate specificity but stress-induced 
activation that may determine whether or not one of the HSPBs acts on a particular 
(chronically) misfolded protein or not.

- HSP70 dependency

In general, the canonical HSPB family members are suggested to be dependent on 
the collaboration with the ATP-dependent chaperones of the Hsp70/HSPA family for 
their ability to assist in refolding of denatured proteins [37–39]. For HSPB1, assistance 
of refolding of heat-denatured luciferase was indeed shown to be dependent on  
a functional HSP70 machine [40]. However, the action of HSPB7 to suppress polyQ-
expansion protein aggregation [26] and PARK2-associated aggregation (Chapter 
5) was found to be HSP70-independent. Whilst we initially thought that HSP70 
dependency could be a HSPB specific feature, we however found that the action of the 
canonical HSPB1 on PARK2-associated aggregation was independent on the HSP70 
machine (Chapter 5). Rather than HSPB member specificity, client specific features 
may determine how HSPBs function. For example, these findings could be due to 
the level of unfolding of the client which determines its affinity to the chaperone, 
allowing (or not) for spontaneous release. It is also possible that other ATP-ase  
(e.g. proteases) may be able to induce client release from HSPBs.  

- folding or degradation

Whereas in vitro data on HSPBs are generally focussed on refolding of misfolded 
substrates, cellular data often have also associated HSPB actions with client disposal. 
Client degradation can be mediated by the autophagy or the proteasome pathway.  
For example, HSPB7 seems to act as a chaperone able to keep the mutated polyQ or 
PARK2 proteins in a state competent for autophagosomal degradation and does not 
assist in refolding of heat denatured substrates (Chapter 5) [26]. Likewise, HSPB9 seem 
not to be capable of assisting in protein refolding but functions in conjunction with the 
proteasome pathway to protect cells from polyQ aggregation [26,40]. Again, however, 
some HSPBs like HSPB1 and HSPB4 are associated with both refolding (luciferase)[26,41] 
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and (proteasomal) degradation (Chapter 5). Whereas HSPB1 is shown to be able to 
directly interact with the proteasome [42,43], it remains debatable whether HSPB1 really 
“targets” clients to proteasomes or whether its simply support substrate degradation 
preventing clients to aggregate thus keeping substrates soluble such that they can pass 
through and be processes in the narrow barrel-shaped cavity of the proteasome [22,44]. 

- translational control

For at least one HSPB, HSPB8, recent findings have highlighted another possible 
function, namely in translational arrest and in the stress granules pathway (see below) 
[45]. These results could explain why HSPB8 actually is the only HSPB member that 
was found to be able to supress the aggregation of the RNA-binding protein TDP-
43 [30]. Both TDP43 and HSPB8 are both found to localize in stress granules (SGs) 
upon proteotoxic stress (data not shown) [46]. SGs are cytoplasmic foci that contain 
ribonucleoprotein complexes whose assembly is triggered upon proteotoxic stress, 
including heat shock, oxidative stress, viral infection [47]. While their formation 
may contribute to store/protect mRNAs during stress, thereby exerting a protective 
function, their altered dynamics and their persistence have been observed in a number 
of neurodegenerative disorders [47]. On one hand, mutations in proteins including 
TDP-43, FUS/TLS lead to aberrant relocalization of these proteins into stress granules, 
thereby altering their function in RNA processing as well as stress granule dynamic, 
and ultimately affecting ribostasis. On the other hand, stress granules that persist 
can colocalize/coalesce with proteinaceous aggregates, potentially contributing 
to proteostasis imbalances. It is of note that SG assembly is driven by the self-
aggregation of prion-like containing RNA-binding proteins [48]. However, unlike 
fibrillar aggregates, SGs rapidly disassemble thus suggesting that aggregation at the 
level of SGs is generally reversible and tightly regulated. So, HSPB8 may play a dual 
function at the level of stress granules and proteinaceous aggregates: a) HSPB8 could 
function as a chaperone responsible for resolubilizing the RNA binding proteins, 
including TDP-43, which could explain the peculiar anti-aggregation activity of 
HSPB8 against TDP-43; b) HSPB8 directly can inhibit translation in vitro via SG, 
which may underlay why it reduced also polyQ-expansion protein aggregation [45]. 

- cytoskeletal stabilization

One of the oldest reported features of the canonical HSPBs like HSPB1 and HSPB5, 
which that is often ignored when studying neurodegeneration, it their ability to 
support cytoskeletal stability [32,49]. Many of the HSPB actions of protein aggregation 
may, in part, be explained by preserving the cellular architecture to withstand toxic 
consequences of protein aggregates or/and to allow other (chaperone) systems to 
handle or the misfolded proteins.
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- HSPB mutations and disease

A further proof for the functional importance of the HSPB proteins in cellular 
health relates to the findings that mutations in HSPBs themselves lead to different 
pathological conditions (chaperonopathies; Chapter 2). While mutations in HSPB1, 
HSPB3 and HSPB8 are known to lead to neurological and sensory disorders, 
mutations in HSPB5 cause muscular muscular disorders and can lead to cataract 
(Chapter 2) [49]. In how far this reflects a functional specificity of these different 
members or whether these diverse pathologies are due to different HSPBs expression 
profiles in the respected tissues remains to be elucidated.

7.3 Role of chaperones in directing protein degradation

As stated above, HSPs are not only involved in protein (re)folding but are also 
associated with the ubiquitin-proteasome system (UPS) and autophagy for clearance 
of misfolded proteins. Herein they may play in keeping clients in a competent form 
for degradation by preventing their aggregation or aggregate growth and/or by 
sorting of clients to specific (sub) compartments e.g.  to iPODs or JUNQ (yeast) [50,51] 
or aggresomes (mammals) [52]. In line with the latter, we have shown in this thesis 
(Chapter 3) that they may even engaged in regulating sorting clients from proteasomes 
to autophagosomes. The UPS is normally mainly responsible for the degradation of 
short-lived proteins in a chain of events initiated by the addition of multiple ubiquitin 
molecules to target proteins catalysed by E1-, E2-, and E3-ubiquitinating enzymes 
[53]. However, when the UPS system is overloaded, cells are known to be able to 
switch to autophagy as a “bulk” degradation pathway to ensure polyubiquitinated 
proteins disposal. How proteasomal clients are rerouted to autophagosomes under 
acute forms of stress was, however, not known. Using proteasomal inhibitors as  
a model for such an acute stress, we discovered that the BAG proteins, as nucleotide 
exchanges factors (NEF) of Hsp70s, play a determining role in this proteasome-to-
autophagy switch (Chapter 3). Under normal condition BAG-1 seems to dominant 
NEF acting with the Hsp70/HSPA in proteasomal degradation [54–56]. BAG-1  
(as well as its ER-located family member BAG-6) contains an additional ubiquitin-
like domain and by which it seems to functionally cooperate with CHIP [56].  
CHIP is a TPR-clamp (tetratricopeptide repeat)-containing E3-ligase that can 
interact with Hsp70/HSPA and Hsp90/HSPC together promoting ubiquitination and 
proteasomal degradation of Hsp70- and Hsp90-bound substrates [58,59]. Thus, BAG-
1, together with CHIP, is a link between chaperone-assisted folding and proteolytic 
degradation, two of main components of protein quality control in the cytosol [60]. 
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BIPASS in acute stress situations.

Interestingly, acute forms of stress did not affect BAG1-expression levels, but 
upregulated another family member BAG-3 (Chapter 3) [61–63]. BAG3 had been 
found to be associated with an increased autophagic flux in conjunction with a co-
regulated member of the HSPB family, HSPB8 [29,64]. Based on these findings we 
hypothesized that BAG1 and BAG3 could be key player in the orchestration of the 
Hsp70-mediated protein degradation. In chapter 3, we indeed demonstrate that acute 
stress-induced BAG3 upregulation induces the sequestration of HSPA1A-bound 
proteasomal clients into cytoplasmic puncta, which leads to their re-routing from 
proteasomes to autophagosomes. This switch occurs through competitive inhibition 
with BAG1 thus bypassing the proteasomal blockage. This route that we termed 
BIPASS (for Bag-instructed proteasomal to autophagosomal substrate sequestration) 
is induced by a multitude of acute stress stimuli that upregulate BAG3 via HSF1, the 
NF-kB pathway, as well as the ERN1 branch of the UPR (Chapter 3) [65–67]. 

BIPASS in chronic stress situations and ageing.

Importantly also during ageing, the expression of BAG3:BAG1 increases and is 
associated with a reduction of the proteasome function and a concomitant increase of 
autophagy activation [62], suggesting that BIPASS plays a central role in the protein 
homeostasis network under conditions where proteasomes are overloaded or fail. 
This hypothesis is further illustrated by findings that BAG3-upregulation can reduce 
protein aggregation in chronic diseases like polyQ diseases and ALS [44,63,67] and 
that mutations in BAG3 itself can lead to protein aggregation diseases (Chapter 4, see 
below)[69].

Mechanism of BIPASS 

How does BAG3 work? In acute stress, we show that to induce BIPASS, BAG3 
depends on its BAG domain which is the domain required for the HSP70 binding. 
The proline-rich (PXXP) repeat motif, that mediates BAG3 binding to dynein is 
not responsible for this client recruitment, but presumably for transporting (pre)
autophagosomes towards the MTOC for fusion with lysosomes  and full degradation 
[68]. Intriguingly, this is different for clearance of aggregated polyQ proteins: here the 
BAG domain is dispensable but the PXXP domain is essential [70], suggesting that 
BAG3 may also associated with already formed aggregates in an HSP70 independent 
manner to assist polyQ aggregate clearance. 

We were wondering what is the normal physiological relevance of BAG3 
and where it become most rapidly limited. During normal physiology, BAG3 is 
found to be expressed highly is muscle tissue where it can associate with the actin 
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cytoskeleton and localizes at Z-disks in striated skeletal muscles [71]. In smooth 
muscle and non-muscle cells during adhesion and migration BAG3 together with its 
chaperones partners is detectable along actin fibres, stabilizing the actin cytoskeleton 
under mechanical tension [72]. In line, BAG3-deficient mice suffer from a rapid 
disintegration of Z-disks in contracting muscles after birth, leading to a progressively 
developing muscle weakness [73].

Aberrant BIPASS as cause of disease.

Furthermore, the importance of BAG3-mediated quality control in normal cellular 
functions is highlighted by the existence of mutations in BAG3, which have been 
implicated in multiple muscular and cardiac diseases.  In particular, a mutation 
in proline 209 (P209L) is especial damaging. This mutation leads to a severe and 
extremely early onset myofibrillar myopathy with associated cardiopathy [69].  
In chapter 4, we showed that BAG3 P209L mutant has a partial loss of function in the 
suppression of polyQ aggregates. In fact, we found that this mutant is still capable 
of inducing BIPASS, but –like the PXXP-deletion mutant- seems to be incapable of 
processing the accumulated material towards the lysosomes for degradation. This is 
illustrated by the finding that expression of BAG3 P209L enhances the accumulation 
of NP-insoluble ubiquitinated proteins. Our unpublished data also suggest (not yet 
proof) that BAG3 P209L has an increased stability, which leads HSPA1A sequestration 
due to its relative higher binding affinity for Hsp70s than e.g. BAG1 [74]. This result 
would suggest that the BAG3 mutant may already induce BIPASS when proteasomes 
are not (yet) impaired. Since BAG3 P209L subsequently cannot process the damage, 
this actually implies that the mutant has a dominant negative effect on the protein 
degradation machinery. This hypothesis may explain why it is associated with such 
a juvenile onset cardiomyopathy. 

7.4 BIPASS in relation to HSPB function

Besides being a partner of HSP70s, BAG3 is also known to interact with several 
HSPBs, in particular with HSPB8 [28,36,75]. HSPB8 is often found to be upregulated 
together with BAG3 upon various forms stress stimuli (via HSF1, NF-kB or ERN1; 
Chapter 3) or in e.g. activated astrocytes in neurodegenerated post-mortem brain 
tissue [21,64,66].  So, what is the physiological relevance of this binding and co-
regulation of BAG3 and HSPB8? Do they together function in autophagy or do they 
act in parallel pathways of the protein homeostasis network? Originally, the complex 
BAG3:HSPB8 complex was thought to function together in the autophagic clearance 
of substrates, including e.g polyQ proteins. Interestingly, in BAG3-depleted cells the 
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upregulation of HSPB8 alone was not sufficient to provide full protection against the 
aggregation of polyQ proteins [45,70]. Whereas this finding may be caused by the 
fact that HSPB8 is instable in the absence of BAG3, the downregulation of HSPB8 did 
not affect the ability of BAG3 to induce autophagy and stimulate to polyQ clearance 
[45,70]. This result suggest that the BAG3-protein quality control function are 
largely HSPB8-independent. Interestingly, the upregulation of HSPB8 was not only 
associated with an increased autophagic flux, but also with translational inhibition. 
As mentioned above, HSPB8 alone has been shown to cause inhibition of translation 
in vitro [45]. In addition, upon proteasomal inhibition it did not colocalize to BAG3-
related puncta (Chapter 3, data not shown) but rather associated with SGs (data not 
shown). All together, these data lead to the conclusion that BAG3 and HSPB8 are 
co-regulated and co-stabilizing proteins that serve in an orchestrated pathway that 
serves to decrease the burden on the cellular protein homeostasis via translational 
arrest and regulation of stress granule stability (HSPB8) and to BIPASS under 
condirions of proteasomal saturation to clear protein damage (BAG3). Indeed the 
fact that BIPASS and HSPB8 may operate in parallel pathways is supported by the 
observation that whilst BAG3 mutations cause myopathies (see above), the HSPB8 
missense mutations (K141N and K141E) are found to cause distal hereditary motor 
neuropathy or Charcot-Marie-Tooth neuropathy type 2L [76,77] like the mutations in 
RNA binding proteins such as TDP-43, FUS, SMN1, ATX2, OPT and ANG [47]. 

7.5 Overall conclusion & future perspectives 

Boosting or specifying the chaperone network in aged-related diseases?

The greatest risk factor for nearly all neurodegenerative diseases and many of the 
myopathies is aging. A large body of literature suggest that PQC declines with 
aging, in particular that of the acute HSF-1 regulated stress response [78] and for 
this reason, restoring a functional PQC machinery may be an important strategy to 
delay the disease pathogenesis. Many efforts during the last decade were focussed 
on trying to delay neurodegenerative disease progression using HSF1- activators like 
e.g. HSP90/HSPC inhibitors [17,79,80]. Such approaches in chronic treatment seem 
however to have some potential challenges. Although Hsp90/HSPC-inhibitors have 
shown some transient effects in animal models of polyQ diseases, these beneficial 
effects disappeared during disease progression, likely because these system is 
autoregulatory (Chapter 2) [81]. Moreover, chronic HSP90 inhibition may ultimately 
lead to a large side effects giving the important clients of the HSP90 machinery 
[8]. Even for non-HSP90 related drugs that boost HSF-1, a chronic upregulation of 
the HSF-1 network has negative effects. In fact, it has been demonstrated that the 
activation of the HSF1 promotes tumorigenesis [82,83]. 
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BAG3 and HSPB8 are already up-regulated during aging and thus seem to be 
key players in maintaining the cellular homeostasis able to e.g. (partially) compensate 
for loss of activity of the HSF1-regulated PQC network. A valid alternative approach 
for treating conformational disorders and enhancing healthy aging may thus be to 
further boosting the expression of activity of these chaperones. Alternatively, we may 
consider boosting specific HSPBs (Chapter 5) or DNAJs (Chapter 2) that all seem 
to redirect but not elevate the chaperone network for treatment of specific diseases 
[49,84]. It still remains to be determined whether this boost may also come with side 
effects. 

Improving development of models for chronic disease

The data in this thesis together with many other data in literature suggest that PQC 
upregulation, especially non-HSF1-regulated HSPs and degradation pathways, may 
have the potential of treating age-related protein aggregation diseases. However, 
the current disease models used for most of these disorders are based on non-
physiological overexpression of mutant proteins. Although these models provided 
important paradigms on the pathophysiological mechanisms behind these disorders, 
models that better mimic the human physiological condition were still missing. 
Reprogramming of differentiated somatic cells into a pluripotent state (induced 
pluripotent stem cells, or iPSCs) has opened the possibility to develop such cellular 
models. It has been recently shown that fibroblasts from patients, affected by different 
neurodegenerative disorders, can be reprogrammed to generate iPSCs and be 
differentiated into disease-affected cell types (Chapter 6) [85–87]. We have confirmed 
this to be possible as well albeit that characterization of the differentiated neurons 
for intercomparisons requires refinements of the technology. Although the majority 
of neurodegenerative diseases are sporadic, common pathophysiologic mechanisms 
underlie both hereditary and sporadic neurodegenerative diseases are hypothesized. 
Besides that these models would allow for assessing the protective roles of HSP and 
HSP-boosting agents, they also may be utilized for improving our mechanistical 
understanding of disease-initiating triggers, neuron-specific sensitivities and factors 
that might determine inter-patient variations in sensitivity and how PQC may play 
a role herein.

Neurodegenerative disorders are characterized clinically by the selective loss 
of a particular subset of neurons, e.g. cerebral cortical neurons in AD, substantia 
nigra neurons in PD and spinal motor neurons in ALS. Another potential therapeutic 
application of the iPSC technology could be the stem cells therapy. Stem cells have 
therapeutic effects using regeneration and substitution of cells and tissues themselves. 
The therapeutic strategy of stem cell in these disorders is to compensate the neuronal 
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loss and/or to prevent cell death through stem cell transplantation. Transplantation 
of stem cells has shown promising results for improving functional recovery for both 
Alzheimer’s and Huntington disease [88–90 ]. Furthermore, a novel experimental 
approach could consist of genetic modification of transplanted cells through insertion 
of specific HSP gene(s) to induce its constitutive overexpression, to confer protection 
against neuronal loss. 
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Nederlandse samenvattingen voor leken

Eiwitten zijn de functionele moleculen van een cel en bestaan   uit ketens van 
aminozuurresiduen. Deze aminozuur ketens moeten in een specifieke drie-
dimensionale (3D) structuur worden gevouwen om een functioneel eiwit te worden. 
Verkeerd gevouwen eiwitten zijn niet alleen functieloos maar vormen ook een 
fysieke bedreiging omdat ze kunnen samenklonteren in aggregaten, die toxisch 
kunnen zijn, en ziektes kunnen veroorzaken. Eiwitaggregaten zijn bijvoorbeeld 
de oorzaak voor een grote groep ongeneeslijke aandoeningen die bepaalde delen 
van de hersenen aantasten (ziekte van Alzheimer, de ziekte van Parkinson, ziekte 
van Huntington, en Spinocerebellar Ataxia’s), en ook spieren (myopathies). Om de 
vorming en klonteringen van verkeerd gevouwen eiwitten te voorkomen hebben 
cellen een speciale group van eiwitten, zogenaamd ‘Heat Shock’ eiwitten. Deze Heat 
Shock eiwitten maken een belangrijk onderdeel uit van het cellulaire defensiesysteem 
genaamd het Protein Quality Control Network. Dit proefschrift behandelt het 
Protein Quality Control Network en hoe dit functioneert in ziektes geassocieerd met 
eiwitaggregaten.

 Wanneer het vouwen van eiwitten fout dreigt te gaan, worden er direct 
door de cel Heat Shock eiwitten aangemaakt om het vouwen te assisteren, of om 
verkeerd gevouwen eiwitten af te breken voordat deze schadelijk worden. De Heat 
Shock eiwitten in menselijke cellen zijn, gebaseerd op de eiwit grootte, verdeeld 
over verschillende subgroepen:  HSPH (HSP110), HSPC (HSP90), HSPA (HSP70), 
DNAJ (HSP40), HSPB (kleine Heat Shock eiwitten), HSPD/E (HSP60/HSP10), en 
CCT (TRiC). Binnen een groep hebben de eiwitten vaak structurele en functionele 
overeenkomsten maar ze kunnen soms ook unieke functies hebben in de defensie 
tegen eiwitaggregaten.

 Hoofdstuk 2 van dit proefschrift is een algmene introductie waarin we een 
overzicht geven over welke Heat Shock eiwit subgroepen en specifieke Heat Shock 
eiwitten gerelateerd zijn aan diverse ziektes, gebaseerd op gegevens vanuit de 
bestaande literatuur. Opmerkelijk is dat iedere afzonderlijke ziekte, die veroorzaakt 
wordt door de formatie van eiwitaggregaten, blijkbaar andere

Heat Shock eiwitten nodig hebben om aggregatie tegen te gaan. Hierdoor kan 
het zijn dat er geen algemene therapeutische strategie mogelijk is voor alle ziekten 
gebaseerd op één Heat Shock eiwit.

 Het doel van ons experimenteel werk is om meer inzicht te krijgen in het 
Protein Quality Control Network. Veel ziekte-gerelateerde eiwitten kunnen niet 
meer tot de juiste 3D structuur worden gevouwen en worden daardoor door de 
cel afgebroken en verwijderd. Hiervoor hebben cellen hoofdzakelijk twee afbraak 
systemen: 1) Het zogenaamde proteasoom systeem werkt als een versnipperaar 
en kan alleen eiwitten afbreken voordat deze samenklonteren in eiwitaggregaten; 
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2) Het autophagie-lysosoom systeem breekt zowel verkeerd gevouwen eiwitten 
als complete eiwitaggregaten af door deze met behulp van kleine membraan 
structuren (autophagosomen) naar speciaal afbraak compartimenten (lysosomen) te 
transporteren. Aangezien Heat Shock eiwitten in de meeste gevallen als eerste de 
foutieve eiwitten herkennen, bepalen zij vaak welk systeem wordt gebruikt voor de 
afbraak. Gedurende het verouderingsproces (de grootste risico factor voor ziekten 
geassocieerd met eiwitaggregaten) vermindert de capaciteit van het proteasoom 
systeem en worden cellen meer afhankelijk van het autophagie-lysosoom systeem. 
In hoofdstuk 3 laten we zien dat de omschakeling in afbraak van protesoom naar 
autophagie wordt gecontroleerd door BAG eiwitten, ‘regulator’ eiwitten van Hsp70. 
Een van deze BAG eiwitten, BAG1, stimuleert Hsp70 om verkeerd gevouwen eiwitten te 
laten binden aan proteasomen, terwijl een andere BAG eiwit, BAG3, Hsp70 stimuleert 
om deze foutieve eiwitten te transporteren naar autophagosomen. Verschillende 
studies laten zien dat cellen meer BAG3 gaan produceren wanneer het proteasoom 
systeem niet voldoende functioneert (waaronder het verouderingsproces), en ook dat 
BAG3 de cellen kunnen helpen om eiwitaggregaten te verwijderen in bijvoorbeeld de 
ziekte van Huntington en Spinocerebellar Ataxias. Verder zijn genetische mutaties 
gevonden in BAG3 die erfelijke degeneratieve spier- en hartziekten veroorzaken. Eén 
specifieke mutatie, BAG3 P209L, is aanleiding voor een ernstig en extreem vroege 
ontwikkeling van een myofibrillar myopathie geassocieerd met hartfalen. Ons 
onderzoek dat is beschreven in hoofdstuk 4 laat zien dat de P209L mutatie in BAG3 
het vermogen om eiwitaggregaten te verwijderen negatief beïnvloedt doordat het 
niet meer effectief verkeerd gevouwen eiwitten naar het autophagosoom systeem 
kan sorteren. Al deze bevindingen duiden op een belangrijke physiologische 
regulator rol van BAG3 in het het Protein Quality Control Network gedurende het 
verouderingsproces, speciaal in weefsel dat veel eiwit schade ondervindt ten gevolge 
van contractie gerelateerde wrijvingen (hart en spieren).

Het tweede deel van ons experimenteel werk betreft de ziekte van Parkinson. 
We vroegen ons af of  Heat Shock eiwitten cellen ook zouden kunnen beschermen 
tegen de toxische aggregaten geassocieerd met deze ziekte. Zoals uit onze 
literatuur analyses blijkt (hoofdstuk 2) zijn niet alle eiwitaggregaten gelijk en lijken 
verschillende elementen van het  Protein Quality Control Network betrokken te zijn 
bij de verwerking van deze verschillende aggregaten. Uit eerder onderzoek van ons 
laboratorium bleek dat bepaalde eiwitten uit de HSPB groep (HSPB6, HSPB8, HSPB9 
en vooral HSPB7) cellen beschermt tegen de aggregatie en toxiciteit in de ziekte van 
Huntington. Om te testen of deze HSPB eiwitten ook een beschermende rol hebben 
in de ziekte van Parkinson, hebben we hun effect getest op de aggregatie van het 
mutante eiwit PARK2 (C289G), welke een erfelijke vorm met jeugdig ontwikkeling 
van de ziekte van Parkinson veroorzaakt (hoofdstuk 5). In lijn met onze bevindingen 
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van hoofdstuk 2, ontdekten we dat heel andere eiwitten van de HSPB groep (HSPB1, 
HSPB2 en HSPB4) de aggregatie van PARK2 C289G sterk onderdrukten dan die eerder 
geïdentificeerd waren voor onderdrukken van aggregatie van polyQ eiwitten in de 
ziekte van Huntington. De enige uitzondering was HSPB7 dat effectief bleek te zijn in 
het voorkomen van de agregatie van zowel het polyQ als het mutante PARK2 eiwit. 
Bovendien vonden we dat de bescherming tegen mutante PARK2 aggregatie door 
deze vier HSPB leden onafhankelijk was van de activiteit van Hsp70, wat de huidige 
visie over hoe HSPBs functioneren uitdaagt. Deze bevindingen ondersteunen niet 
alleen ons standpunt over de specificiteit van het Protein Quality Control Network, 
maar suggereren ook dat dit netwerk complexer is en meer verschillende extra lagen 
heeft dan wat tot nu toe bekend was.

Verder hebben we ook besloten om te beginnen met de ontwikkeling van 
nieuwe en betere modellen voor deze (erfelijke vormen van) neurodegeneratieve 
ziekten. De huidige modellen zijn gebaseerd op hoge expressie niveau›s van 
(mutante) ziekte gerelateerde eiwitten in vaak niet-ziekte relevante cellen.. 
Ondanks dat deze modellen belangrijke paradigma’s hebben opgeleverd 
aangaande de manier waarop deze ziekten neuronen, spier- en hartcellen kunnen 
doden, zijn ze onvoldoende om te begrijpen waarom ziektes soms vroeg en soms 
laat tot ontwikkeling komen in patiënten met dezelfde mutante eiwitten. Hiervoor 
hebben we eigenlijk cellen van patienten nodig van waaruit we ziekte-relevante 
cellen kunnen genereren. De technologie die wij hiervoor toepassen is gebaseerd 
op de generatie van geïnduceerde pluripotente stamcellen (iPSC), een ontdekking 
waarvoor Prof Yamanaka de Nobel prijs in 2012 heeft ontvangen. iPSC stamcellen 
worden uit huidcellen (fibroblasten) van patiënten gekweekt, en vervolgens kunnen 
vanuit deze stamcellen allerlei verschillende weefselcellen (neuronen, hartcellen, 
enz.) worden gegenereerd. Ons laboratorium heeft veel fibroblasten verzameld van 
patiënten met de ziekte Spinocerebellaire Ataxie. Veel van deze patienten hebben 
hetzelfde mutante eiwit, maar de ontwikkeling van de ziekte is sterk gevarieerd. 
Het proces om iPSC stamcellen te genereren uit fibroblasten van 3 Spinocerebellaire 
Ataxie patienten met grote verschillen in de ontwikkeling is beschreven in 
hoofdstuk 6. In dit hoofdstuk laten we zien dat we neuronen kunnen ontwikkelen 
van alle patient fibroblasten. Het is interessant dat de zieke-gerelateerde eiwitten 
tot expressie komen in alle stadia, maar alleen in de neuronen eiwitaggregaten 
vormen. Vervolgens zijn we begonnen om naar de status van de expressie van Heat 
Shock eiwitten in deze neuronen te kijken. Ondanks dat dit onderzoek nog in een 
vroege fase is, denken we dat deze technologie ons kan helpen met het begrijpen 
waarom sommige patienten gevoeliger zijn voor deze ziekten, en in hoeverre dit 
veroorzaakt wordt door de variaties in de functionaliteit van het Protein Quality 
Control Network tussen individuen.
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Tenslotte worden in het laatste hoofdstuk (hoofdstuk 7) de experimentele 
bevindingen van dit proefschrift samen met de bestaande kennis uit de literatuur 
beschouwd en presenteren we een overzicht van de belangrijke rol van de Heat 
Shock eiwitten in Protein Quality Control en ziekten bij de mens.
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